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Potential energy surfaces of the ground state and the lowest eight excited states of ozone which correlate with the three fragmen- 
tation limits O(‘P,) +Or(X “Z;), O(‘P,) +Or(a ‘4) and O(‘D,) +Oz(a ‘4) are calculated employing multireference contig- 
uration interaction (MRD-CI) treatments in a Gaussian A0 basis. Vertical and adiabatic transition energies as well as dissocia- 
tion energies based on the optimized energy surface are presented. The transition moments between the ground state and the 
excited singlet states are also computed as a function of geometry and are employed to simulate Wulf, Chappuis and Huggins 
absorption bands. Some aspects about ozone predissociation and photodissociation and its formation are discussed. 
1. Introduction 
Although atmospheric ozone is a strong absorber 
of solar radiation in the visible and ultraviolet wave- 
lengths, it is its photodissociative nature which influ- 
ences the temperature structure in the stratosphere 
[ 1,2 1, where a sensitive interrelation between ozone 
concentration, chemistry, radiation field and dynam- 
ical processes i present [3 1. 
The first four absorption bands of ozone have been 
studied for more than sixty years [ 4-7 1. Later on ab- 
sorption cross section measurements [ 8-101 have 
indicated that these bands possess very diffuse na- 
ture. This absorption behavior is shown in fig. 1 and 
some characteristics of each band are summarized in 
table 1. Generally it can be seen that two bell-shaped 
continua exist, one extending in the visible absorp- 
tion range from 410 to 663 nm ( R 15080 to 23260 
cm-i), and the second one extending in the ultravi- 
olet absorption range from about 205 to 300 nm 
(33300 to 48800 cm-‘). Their maxima are between 
597.5 and 602.5 nm [ 7,16,19] and around 250 nm, 
respectively. 
Ahm) 
Fig. 1. Absorption cross sections for ozone as a function of inci- 
dent wavelength from 1= 180 nm to the Wulf band adapted from 
ref. [ 111. K and c denote the limits considered for the vibrational 
structure of the corresponding Wulf and Huggins bands, 
respectively. 
The absorption band in the visible is known as the 
Chappuis band [ 6 ] and consists of a continuum plus 
a series of peaks superimposed on the blue side of the 
spectrum. Its band origin is found between 15750 and 
16600 cm-’ [16,17]. The observed vibronic fine 
structure is described by progressions in vl, z+, 
whereby v3 = 0 [ 16,17 1. The absorption cross sec- 
tions are found to be almost independent of the tem- 
perature [3,19]. 
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Table 1 
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Characteristic features of the ozone bands for wavelengths 1000 31,220 MI 
Absorption Spectral region 1 
band (nm) 
Absorption ‘) cross section a(n) 
(cm’) 
Peak.)( maximum) 
absorption a(A) (cm*) 
Wulf 
Chappuis 
Huggins 
663-1000 u(663)=1.85~10-2’ a(662.5)= 1.85x 10-s’ 
~(847.5-852.5) =1.40x 1O-22 
410-663 u(407.5-412.5)=2.91 x 1O-23 ~(597.5-602.5) =4.89x 1O-2’ 
~(663) =1.85x 1O-21 
312-352 ~(312.7-412.5) =2.49x 1O-2o-2.9Ox 1O-23 u(312.2-317.5)=2.49x lo-” 
Hartley 290-300 u(290-303)=1.09x10-‘8-1.85x10-‘9 
270-238 u(270-238)=6.92x 10-“-7.97x IO-‘* u(253-256)=1.15x10-” 
a) Data at T= 203 K. 
The absorption band in the ultraviolet range is 
known as the Hartley band [ 41 and consists of a very 
broad continuum plus a series of very narrow peaks 
superimposed near the maximum on both sides 
(270~2~238 nm) [9,10,23,26]. The estimated 
band spacing for these series is between 200 and 300 
cm-’ [ 231. Its band origin is not known. At the max- 
imum of this band (A=254 nm) minimal tempera- 
ture dependence (OS%-l.OW) [10,25] has been 
found. For lower energies than hv< 34500 cm-’ 
(A& 290 nm) an important emperature dependence 
exists [ 10,181. 
On the red side of both previously discussed bell- 
shaped continua “falloff” regions characterized by 
peaks with very diffuse nature have been observed 
[9,10,12,16,22]. 
In the near-infrared wavelength region the first 
“falloff” region is known as the Wulf absorption band 
(the upper limit denoted in fig. 1 as K). It consists of 
a series of peaks superimposed on the continuum of 
the visible range and possesses a band spacing be- 
tween 530 and 568 cm-’ [7,12,13]; its band origin 
is around 10000 cm- ’ [ 7,12 1. The intensity of the 
observed peaks increases rapidly with excitation en- 
ergy, but their corresponding width suggests hat the 
lifetime of the peaks likewise decreases with excita- 
tion energy. The observed absorption cross sections 
for the measured lower limit of the “falloff’ region 
at the wavelength range 847.5-852.5 nm (11732- 
11800cm-*) [3]giveavalueofa=1.4~10-~~crn~. 
The second “falloff” region corresponding to the 
red side of the Hartley continuum is known as the 
Huggins band [ 5 1. This absorption band is posi- 
tioned in the ultraviolet A and B wavelength range 
extending from about 352 nm to about 312 nm 
(28400-32000 cm-i) [9,10,20,21,23]. At the tem- 
perature T=203 K, the measured absorption cross 
section for the upper limit at 308 nm (32520 cm-‘) 
is about a=4.33 x 10m2’ cm2 [ 31. The lower limit is 
found at A= [342.5-412.51 nm (24250-29200 
cm-r) witha measuredvalue of0=2.90x 10-23cm2 
[ 3 ] ( T= 203 K). In this absorption region the end of 
the Chappuis band should also be expected and due 
to the low absorption cross sections this region can 
be interpreted as a window for ozone absorption. 
Just as the Wulf band the Huggins band consists of 
a series of peaks superimposed on the continuum of 
the ultraviolet range. These series of peaks have been 
assigned in two different manners for which the most 
probable is (v,, v2, v,)‘+ (000)” for v’, =O-6, v& =O, 
1 and vi co-2 [ 9,20-221. The intensity of the ob- 
served progressions [ 91 increases rapidly with pho- 
toexcitation energy. The bands with wavelengths less 
than approximately 313.5 nm (31900 cm-‘) have 
irregular energy spacings which are probably caused 
by a perturbation. These irregularly spaced bands are 
in the region of the O2 (a ‘4) + 0 ( ‘D,) dissociation 
limit. An important emperature dependence in the 
absorption cross sections has been observed for this 
band [9,10,23,26]. 
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Temperature 
dependence 
Characteristics 
of the band 
Expectation from 
diffuse nature 
Observed spacing in the 
progression (cm-‘) 
Ref. 
expected falloff region 
tothered 
minimal bell-shaped 
continuum 
important falloff region 
to the red 
important 
minimal 
falloff region 
to the red 
bell-shaped 
continuum 
predissociative 6v, = 1200 [3,7,12-151 
6v2=S60 
predissociative 
and photodissociative 
predissociative 
predissociative 
and photodissociative 
photodissociative 
sv,~930-1200 [3,7,14-191 
Su2=460-640 
Sv, s 628-707 [3,9,10,18,20-23) 
8U2” 348-370 
6v,w 738-778 
SV~~300 [5,10,18,20,23-261 
[ 5,23,25,27-30 ] 
If one takes the experimental photofragmentation 
data [ 27-3 1 ] for absorbing ozone into account, the 
fragmentation based on the measured quantum yield 
@(A), can be assumed to occur in the following 
reactions: 
O~(X’A,)+hv (1000&12320nm) 
+0(3P,)+o~(x3cg), @(3P,)>O.9) (1) 
03(X1A,)+hu (317>J1303nm) 
-+O(SP,) +o,(x3Z,), @(‘P*) GO.97, 
-O(‘D,)+Oz(a’$), @(‘D,)>0.03, (2) 
03(X1A1)+hv (302>1>,220nm) 
-*O(‘P,)+Oz(X3~;), @(3P,)<O.15, 
+O(‘D,)+02(a*$), @(‘D,)>0.85. (3) 
Photoprocess (1) can occur in the energy range of 
the Wulf, Chappuis and Huggins absorption bands; 
photoprocess (3) at 1~ 302 nm is in the energy range 
of the Hartley band. Experimental studies found that 
the primary fragmentation due to these photopro- 
cesses [28-3 1 ] is largely vibrationally adiabatic but 
rotationally impulsive, i.e. most of the available en- 
ergy appears as fragment ranslation ( > 50%). The 
photofragmentation process (2) beyond the nominal 
thermodynamic threshold of the singlet dissociation 
channel 0( ID,) + O2 (a ‘4) at 303 nm has also been 
observed [28-30,321 but a definitive interpretation 
is still lacking. 
From the theoretical point of view several ab initio 
highly correlated techniques, such as the “perfect 
pairing” generalized valence bond (GVB-PP) multi- 
configuration SCF technique [33 1, many-body per- 
turbation theory (MBPT) [ 341, singles and doubles 
coupled-cluster (CCSD and CCSDCT ) method [35 1, 
CASSCF [ 36,371 and others [ 38-401 have been used 
in the last ten years for the study of this molecule. 
Many of them are restricted to the study of the poten- 
tial energy surface (PES) of the electronic ground 
state; diabatic ‘A’ excited states have almost exclu- 
sively been calculated [33,371. 
In an effort to obtain not only a good description 
of the Franck-Condon region of this molecule but also 
of its photodissociation behavior, we have pursued a 
theoretical study for the ground and lowest eight elec- 
tronic states (vertical excitation below 180 nm or 6.8 
eV) in asymmetric nuclear arrangements, i.e. C, 
symmetry. Singlet and triplet states are considered. 
The multireference configuration interaction 
(MRD-CI) treatment [ 411 is employed thereby. 
Three-dimensional potential energy surfaces (3D- 
PES) are generated in this study. 
Section 2 presents technical details and discusses 
some aspects of the correlation between the elec- 
tronic states and the dissociation limit. Section 3 
treats the characterization of the singlet states as ob- 
tained from the 3D-PES. Section 4 presents the sim- 
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ulated absorption lines in the energy range of the 
Wulf, Chappuis and Huggins bands. Section 5 treats 
the characterization of the triplet states as obtained 
from the 2D-PES. Sections 6 and 7 discuss the ab in- 
itio results for the singlet and the triplet states and 
the final section contains a brief summary and the 
conclusions. 
2. Technical details for the potential surface 
calculations 
The oxygen functions are taken from the Dunning 
(9s, 5p) basis set in the [ 5s, 3p] contraction [42]. 
In addition one diffuse s, one diffuse p and one d po- 
larization function was added so that the basis can be 
described as a contracted [6s, 4p, 1 d] set. In addi- 
tion one s-type Gaussian with exponent cx = 1.15 [ 43 ] 
was located between each pair of the oxygen atoms, 
so that the total A0 basis employed in C, symmetry 
consists of 75 contracted Cartesian Gaussians. The 
molecule is placed in the yz plane. 
Considering asymmetrical deformation of the 
equilibrium geometry, the electronic onfiguration of 
the ozone ground state in C, symmetry is 
. ..(7a’)2(8a’)2(1a11)2(9a’)2(10a’)2(2a”)2. (4) 
The SCF energy at equilibrium geometry is 
Esm= -224.31893 hartree. 
For the CI calculations the SCF-MO of the lowest 
‘A’ state corresponding to the configuration 
. ..(8a’)2(9a’)2(10a’)1(lla’)1(la”)2(2a”)1(3a”)1 
(5) 
were chosen. This choice has the following advan- 
tages: at the fragmentation limit O+O, the various 
MO are characterized as (8a’, la”)+(lx,, lxU), 
9a’+2p,, (lOa’, 2a”)+(2p,,, 2p,) and (lla’, 3a”) 
+ ( lxk,,, lx,), so that 5A’ with the above occupation 
dissociates already at the SCF level of treatment into 
0( 1S22S22p&,,,,,j) and 0Z(KR20:20z30f lx: lx:). 
At the same time both degenerate components x, and 
Q,, of the O2 molecule as well as the pX and p,, AOs of 
the oxygen atom are equivalent in the SCF treat- 
ment. The sA’ state is repulsive towards 0+ O2 
fragmentation. 
The CI technique used is the multireference single- 
and double-excitation method (MRD-CI) employ- 
ing configuration selection and energy extrapolation 
[ 4 I]. For the CI calculations in C, symmetry 18 elec- 
Table 2 
Technical details of the MRD-CI calculations undertaken at the fued geometry parameters y= 116.8” and RI =2.413 & *) 
States treated t-j Number of reference Number of Number of total Number of selected SAF Or + 0 dissociation limit c, 
coniigurations roots SAF 
Z&=2.413 6 Rs= 10.0 q 
R ‘A’ (R ‘A’ ) 
.&‘A”(C’A”) 
B'A"(D 'A") 
E’A”(E’A”) 
PSA’, a=A’ 
?‘A’, S’A’ 
48 4 7180526 16034 13719 I: o(sPs)+o*(xsz;) 
V:O(LD,)+O,(alAs) 
44 3 729225 1 12826 13743 I: O(“P,)+Os(X’Z;) 
VO(‘Ds)+Ot(a’As) 
41 4 13040967 15704 10203 I: o(sP‘)+o*(xsz;) 
II: 0(3Ps)+02(a’As) 
44 4 12961019 12284 13934 I: o(sPs)+o*(xs~,-) 
II: 0(3P,)+Oz(a1As) 
a) Given are the number of reference (main) configurations and the number of roots according to which configuration selection is carried 
out, the total number of symmetry-adapted configuration state functions (SAF) which have been generated and the largest selected 
subspace which has been diagonal&d explicitly. The weight of the reference contigurations in the final MRD-CI wavefunction was 
larger than 89% for all states and internuclear separations RI. C, subgroup irreducible representations are indicated in the first column. 
b, In parentheses the nomenclature used in previous work [44] is given. 
=) The calculated values for the dissociation limits can be found in refs. [ 44,45 1. 
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trons were correlated leaving a doubly occupied core 
of three oxygen orbitals corresponding tothe K shells. 
A selection of configurations is made for the final 
secular equation (supermolecule wavefunction ) while 
the energy is extrapolated to the eigenvalue of the en- 
tire space of generated MRD-CI configurations using 
a perturbation technique [4 11. 
Technical details for the various calculations are 
summarized in table 2 (R2 = 10.0 a0 and R2= 
RI ~2.413 a0 are chosen as representative values) in 
which the nomenclature of Herzberg [ 241 is used. It 
is seen that the total number of generated conflgura- 
tion state functions for the singlet states and for the 
triplet states is in the order of eight and thirteen mil- 
lion, respectively. The size of the selected configura- 
tion spaces at an energy threshold of T= 20 nhartree 
lies between 10000 and 18000 selected symmetry- 
adapted functions (SAF) in each C, irreducible rep- 
resentation for both multiplicities. They are treated 
explicitly in the secular equations, whereas the con- 
tribution of the unselected species is estimated in the 
standard MRD-CI manner. The number of reference 
configurations was in the order of 40 to 50. 
Because of the low dissociation energy (I&.= 1.13 
eV [ 24 ] ) the asymmetric O+O, pathway has been 
considered to be the most likely pathway for frag- 
mentation. The correlation diagrams between the C,, 
symmetry in the Franck-Condon region and the C, 
symmetry for asymmetric structures including the 
O2 + 0 dissociation are given in figs. 2 and 3 for sin- 
EleV c2v CS 02+0 
l.- P-... 
. .._ 
oo- .-X’A, X’#- 
/o*r’r;i~oc’P, 
verttcal 
Fig. 2. Correlation diagram of the electronic singlet states be- 
tween Czv and C, symmetries and the dissociation channels. LY 
andpdenote the global and secondary minimum of the ‘A, states 
[46], respectively. The first excited states, 1 ‘A, and 1 ‘Br, are 
very close in energy and their actual ordering depends on the nu- 
clear geometry; in order to indicate this behavior they are grouped 
together with braces. 
E/e’.’ 
6 
5 
Ltv 1;s 
Fig. 3. Correlation diagram of the electronic triplet states be- 
tween Cav and C, symmetries and the dissociation channels. 
Table 3 
CI results for the vertical excitation energy of the electronic states 
of ozone at its equilibrium geometry RI =Rp2.413 a., and 
y= 116.8” (values in eV) 
C,, symmetry ‘) C. symmetry 
state vertical energy state vertical energy 
X ‘A, 
(-22;::2664) b, 
ji ‘A’ 
(-22%144) b, 
1 ‘B, 1.69 g ‘A’ 1.67 
1 ‘B, 1.85 6 3Aj’ 1.73 
1 )A2 2.00 E ‘A” 1.91 
1 ‘B, 2.10 A ‘A” 2.41 
1 ‘AZ 2.16 2.60 
2 )Ba 3.87 ;:;r 4.00 
2 ‘A, 4.49 ;:“,: 4.38 
1 ‘B2 5.16 5.47 
Z’B, 5.96 $ ‘A” 5.71 
2 3A2 6.01 7 ‘AA” 5.91 
2 ‘A2 6.29 ;:;I 6 39 
2 ‘B, 6.70 _* 
2 ‘Br 7.03 a ‘A’ 6.76 
1 “A, 7.99 i 3A’ 7.69 
‘) Calculated with a contracted [6s, 4p, Id ] + (1%) and (lpb) 
bond function basis set. See ref. [ 461. 
b, In parentheses i given the energy in hartree. 
glet and triplet states respectively and will aid in the 
interpretation of the present results. They are based 
on results obtained in a CZv treatment [46 ] for adi- 
abatic and vertical energies of the symmetric ozone 
molecule and their corresponding electronic states 
treated in the present study. They differ from the 
original ones given by Hay et al. [ 331 and describe 
the purely adiabatic behavior of the states. 
In table 3 the calculated vertical excitation ener- 
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- .820 
- .980 
-1 ci20 r 
2.0 
o- 
QF= 
O.(‘A.)iO(‘Di 
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o*(3cg )10( JP) 
Rz / au. 
I I I I I I 
2.40 2.80 3.20 
I I 
0 3.60 4.00 4.40 5.00 ” 10.00 
In the C. Symmetry 
,, 
oF”,,-c, = d - ZLll” (I.“. 
- 820 K, = 2413 (I.“. 
H? = Vardde 
Oz( ‘A, ) + O( ‘D ) 
-.980 - .- 
o,(cz,)+o(~P) 
-1020 ! I I I I 
2 00 2.40 3 20 
I 
2.80 
I 
3.60 4.00 4.40 5.00 
Fig. 4. Calculated potential energy curves for the lowest-lying singlet states of ozone as function of R2 
constantat 116.8”. (a)RI=2.20a0, (b)RI=2.413aoand(c)R,=2.60&. 
whereby the bond angle is held 
A. Banichevich et al. /Chemical Physics I78 (1993) ID-188 161 
E / a.u 
- .780 
-.820 
-.980 
-1.02c 
2.00 
o- 
+- 
B- 
Oz('A,)+O('Di 
R2 / a.~. 
I I I r I I I I 
I 2.40 2.80 3.20 3.60 4.00 4.40 5.00 "10.00 
Fig. 4. Continued. 
gies of the states treated formally in C, symmetry are 
compared to the corresponding values obtained ear- 
lier for the symmetric CZv nuclear arrangement [ 46 1. 
Both sets of values are somewhat different. There are 
three technical reasons for this: (a) the A0 basis sets 
in the CZv and C, calculations are slightly different, 
(b) the molecular orbitals employed in the MRD-CI 
treatment are the sA’ MO (designed to describe dis- 
sociation properly) compared to natural orbitals in 
the Clv treatment and (c ) as a consequence the MRD- 
CI spaces also differ somewhat. Hence these devia- 
tions in the order of 0.2-0.3 eV should be considered 
as error margins. 
3. Potential energy surfaces of the singlet states 
For the calculation of the 3D-PES the set of grid 
pointsusedwas2.0a&R162.8a0,2.0a0bRz~10.0 
u,, at three representative angles y= lOO.O”, 116.8” 
and 133.2”. The lowest five electronic states have 
been treated in this entire range. 
The estimated full-C1 energy for the X ‘A’ ground 
state is EFcI = - 225.0 1144 hat-tree, obtained from the 
calculation (see table 2) employing 48 reference con- 
figurations which lead to a total of 7 180526 SAF and 
which are reduced to a selected subset of about 17000 
in the Franck-Condon region. 
The calculated potential curves for the variable R2 
at fixed geometrical values R, = 2.20 &,2.4 13 a0 and 
2.60 a, at y= 116.8 “, are shown in figs. 4a-4c, respec- 
tively. The character of the wavefunctions for the 
states considered is summarized in table 4 for var- 
ious important internuclear separations R2 
(Ri~2.413 a0 and y= 116.8”). Given are the domi- 
nant configurations in the wavefunction and the 
weight of all reference configurations. In table 5 the 
pertinent data of the states treated are summarized 
as obtained from the 3D-PES. Table 6 contains the 
calculated zero-point frequencies for the vibrational 
modes and table 7 the calculated spectroscopic pa- 
rameters for the O2 fragment in the O3 supermolecule 
calculation, which indicates the level of accuracy 
achieved. 
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Table 4 
Character of singlet electronic states. Given are the occupation numbers for the molecular orbitals in the dominant configurations at 
various internuclear separations R2 for fixed geometry values (R, = 2.4 13 cc; y= 116.8 ’ ) and the weight Kof all reference contigurations 
(K= ,Z ref cf) in the CI expansion 
State Rp2.413 a,, RZ= 3.00 a0 R2=4.00 a,, 
orbitals a) orbitals ‘) orbitals a1 
8a’ 9a’ 10a’ lla’ la” 2a” 3a” K 8a’ 9a’ 10a’ lla’ la” 2a” 3a” K Sa’ 9a’ 10a’ lla’ la” 2a” 3a” K 
X’A’ 2 2 2 0 
222 0 
222 0 
--- - 
-__ - 
A’A” 2 2 1 0 
221 0 
--- _ 
2 12 0 
--- - 
B’A” - _ _ _ 
2 12 0 
2 12 0 
--- - 
C’A’ 2 1 1 0 
--- - 
--- - 
D’A’ 2 2 2 0 
220 0 
--- - 
--- - 
222 0 
--- - 
2 2 0 0.90 2 2 2 
2 2 0 2 2 2 
2 1 1 2 2 2 
- - - - - - 
- _ - - - - 
2 2 1 0.90 2 2 1 
212 --- 
_ - _ 2 1 2 
2 1 2 2 2 1 
- - - 2 2 1 
- - - 0.90 2 2 1 
2 2 1 2 2 1 
212 --- 
- - - - - - 
2 2 2 0.90 2 1 1 
- - - 1 1 1 
- - - - - - 
2 0 2 0.90 2 2 2 
2 22 --- 
- - - 2 2 1 
- - - - _ - 
2 1 1 2 2 2 
- - - - - _ 
0 2 2 0 0.91 - - - 
0 202 --- 
0 2 1 1 2 2 2 
- _ _ - 2 2 0 
- - - - 2 2 1 
0 2 2 1 0.91 - - - 
_ - - - - - _ 
0 2 2 1 2 1 2 
0212 --- 
1 2 1 1 2 1 1 
0 2 2 1 0.91 - - - 
0 2 2 1 2 1 2 
- _ - - _ _ _ 
- - - - 2 1 1 
0 2 2 2 0.91 - - - 
1222 1 1 2 
- - - - 2 1 2 
0 2 2 0 0.90 - - - 
- _ - - - _ - 
1202 --- 
- - - - 2 1 1 
0211 --- 
- - - - 2 2 1 
_ - _ _ 
_ _ _ _ 
0 2 1 1 
2 2 1 1 
1 2 1 1 
0.92 
b) 
0.92 
_ - _ - 
0 2 2 1 
_ _ _ _ 
1 2 2 1 
_ - _ _ 
0 2 2 1 
_ _ _ _ 
1 2 2 1 
_ _ _ _ 
2 2 1 2 
1 2 1 1 
_ _ - _ 
cl 
0.92 
c) 
0.92 
d) 
0.92 
_ _ _ - 
0 2 2 2 
_ _ _ _ 
1 2 1 1 b) 
‘) For the supermolecule calculation at R2= 10.0 us the molecular orbitals describe the fragments 0(ls22s22p~,,,~), 
02(...2a~2~~3u~ l~&~~ It&,,,,) and 02(...2a:2a~3a: ln&,, lrr&~) with the following ordering: 2a”+2p, 9a’+2p,, lOa’+2p,, 
7a’+3u,, la”+lrr, 8a’+lx, 3a”+lx, lla’+lx, 
b, For this channel at R2 = 10.0 u, the fragmentations 0 ( ‘P,) + O2 (X ‘Z:; ) and 0 ( ‘Ds) + O2 (a ‘4) are described by the configuration 
. ..2p.2p;2p:...3a; lrc: In:. 
c) For this channel at R2= 10.0 a,, the fragmentations 0(‘P,)+02(X3Z;) and O(‘D,)+O,(a ‘4) are described by the configuration 
. ..2p.2p;2p;...3o:lr:la;. 
d, For this channel at R2= 10.0 a,, the fragmentations 0(3P,) +02(X ‘Z;) and 0(‘D,)+02(a ‘4) are described by the configuration 
. ..2p.2p;2p:...3o~lr:ln~. 
3. I. The ‘A’ states tively at the fued angle 
lowing characteristics: 
(i) The ground state 
116.8”. They show the fol- 
PES shows that the global 
For the irreducible representation ‘A’ four elec- 
tronic states have been considered in analogy to pre- 
vious diabatic treatments [ 33,371. The 2D-PES cor- 
responding to the stretching of both O-O bond lengths 
(RI, R,) for the X ‘A’, c ‘A’ and D ‘A’ electronic 
states of ozone are presented in figs. 5a-5c, respec- 
minimum calculated at RI = R2=2.41 a0 and 
y= 116.6” is separated from the dissociation region 
(Ri> 4.0 6, i= 1, 2) by a potential barrier. The en- 
ergy difference from minimum to the top of the bar- 
rieriscalculatedasAR=1.18eV(exp.0,=1.13eV 
[24]). Taking the energy difference between the 
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global minimum and the dissociation limit 
0(3P#)+0,(X32;) the value is 0.91 eV. The 
wavefunction of this state is dominated between 
R2=2.0 a0 and R2=3.0 a0 (for R,=2.413 a0 and 
y = 116.8 ’ ) by the closed-shell configuration. A= 
...8a’29a’210a’21a”22a”2 (see fig. 6). Between R2= 3.0 
a, and R2 = 3.4 a0 a configuration interaction exists 
between configuration A and the configuration 
8( 10a’ + 1 la’ ) from which the barrier results. For 
R2> 4.0 a0 the configuration with four open shells 
c= ...8a’29a’210a” 1 la” la”22a”13a”1 becomes the 
leading term in the total range of the PES considered. 
The dissociation limit describes the 
3Pg( .,.2p;2p;2p;)+X%,( . . . lx& llc&&c~llc~) 
fragmentation (see table 4). The zero-point frequen- 
cies are calculated as r+= 1126 cm-‘, vZ=740 cm-’ 
and vg = 1104 cm-’ and show a very good agreement 
with the corresponding experimental data (see table 
6). 
(ii) The excited state, c ‘A’, which dissociates in 
the lowest fragmentation channel 0 ( 'P,) + 
O2 ( X 3Z; ) , has a vertical energy of 4.38 eV. As shown 
in fig. 5b (at y= 116.8 ’ ) it possesses a small barrier 
which separates the global minimum (calculated at 
R,=R2=2.65&withanadiabaticenergyof3.55eV) 
from the dissociation limit (see also fig. 4~). From 
the angular variation it has been found that this state 
possesses a repulsive behavior at y= 116.8” for the 
(R,, R,) PES in agreement with previous work [ 46 1. 
The equilibrium angle for the expected two minima 
has not been investigated, but they are expected to be 
found for yd 100” (global minimum) and for y= 
125’. The calculated energy difference from the min- 
imum at y= 116.8” to the top of the barrier is 0.27 
eV. 
The wavefunction of this state at y= 116.8 ’ and 
R,=2.413 a0 is dominated between Rz=2.0 a0 and 
2.80 a0 (see table 4) by the two-open-shell con- 
figuration (double excitation 9a’ 10a’ +3an2) 
13=...8a’29a’1 10a’ larr22a”*3arr2. For R> 3.0 6 an 
interaction between the configurations 
8, E=...8a”9a” 10a” 1 la” la”22a”23a”2 and ft= 
. ..8a’*9a” 1Oa’21  a” larr22a”13a”l exists from which 
the barrier results. For RZ> 4.0 a, the wavefunction 
is characterized only by the four-open-shell configu- 
ration I? which at the dissociation limit (R2= 10.0 6) 
describes the 3P,(...2pi2p;2pf) +X ‘C, (...l&- 
1x&17&17&) fragmentation. 
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Table 6 
Comparison of calculated and experimental zero-point frequencies in “03. Also given is the transition energy from (OOO)‘+ (000)” 
with AEr,=AE-E~ooo,~+E~ooojG f r which AEis the adiabatic energy. All values are given in cm-’ (the standard notation is employed: 
prime for the excited state, double prime for the ground state) 
State Present work Other theoretical works Experiment 
V3 AE,” v, v2 V3 v2 v3 refs. 
X ‘A, 1126 740 1104 1485 1134 713 1097 b, 1110 705 1042 1429 1241 
1173 737 1089 c’ 1103 701 1042 1423 [471 
1135 716 1089 1470 1481 
A ‘A” 1170 573 996 12895 1183 598 _ C) 566 _ 8) - [71 
480 -I) - [131 
al200 528 - S) 9544 [121 
B ‘A” 995 426 1024 16674 1171 619 904c' 930 460 -w - [171 
-1210 n640 -h) 15980 [161 
C’A’ d, 690 330 660 27990 - - - 636 352 _ i) - 1241 
628 348 c, 738 i, 28447 WI 
707 
844” - 
370 c’ 778 ‘1 - 1201 
b ‘A’ 770 612 586 30630 564 f, 297 I’ %300 _j) - 123,241 
*) ForthegroundstatehE=Z&ooo,.=f(v,+v2+v~).IncaseofA1A” st t theconsideredtransitionis (OOl)‘+(OOO)“. 
b)Ref. [36]. “Refs. [15,38]. 
d, The calculated vibrational modes have been considered at the top of the barrier in the 3D-PES. See text. 
‘) In the literature these values correspond to the constant v2+ X2, [ 20,2 11. 
‘) Evaluatedastheenergydifferencebetweenthegivenpositionlines [(200)‘-(300)‘],[(200)‘-(210)‘] and [(200)‘-(201)‘] from 
ref. [49]. All theoretical v lues should be compared also to the experimental values for the Huggins band (see i) ). 
s) Values given for the Wulf absorption band. ‘) Values given for the Chappuis absorption band. 
‘) Values given for the Huggins absorption band. j) Value given for the Hartley absorption band. 
The c ‘A’ state corresponds to the 2 ‘Ai (C,,) 
symmetry [461, and can be populated in the Franck- 
Condon region only by two-electron excitations, i.e. 
a zero-order forbidden transition. The calculated vi- 
brational modes are listed in table 6. The bending 
mode has been evaluated for the vibrational evels in 
the repulsive part of the potential of this state in the 
Franck-Condon region. It should be pointed out that 
until today no definite interpretation exists for the 
observed line spacing in the Huggins band (fig. 1). 
We compare in table 6 our theoretical values for the 
c ‘A’ state to a band which could correspond to the 
b ‘A’ tX ‘A’ transition in the Huggins absorption 
range. In the next section we will present a simulated 
absorption pattern for the c ‘A’ +X ‘A’ transition 
and will discuss whether this transition really repre- 
sents a transparent transition (too weak) compared 
to the D ‘A’ state. 
(iii) The high-lying state, D ‘A’, which dissociates 
into the excited fragments 0( ‘D,) +Oz(a ‘4) has 
been calculated with a vertical energy of 5.47 eV. As 
shown in fig. 5c (at y= 116.8” ) is possesses a mini- 
mum in C, geometry outside of the Franck-Condon 
region with RI = 2.44 a0 and R2= 2.86 uc,. This mini- 
mum is at the adiabatic energy 3.86 eV above the 
ground state for an optimized angle of about 109”, 
i.e. it is below the dissociation limit by less than 0.10 
eV and shows a barrier of 0.44 eV (see table 5). 
The wavefunction of this state at y= 116.8” and 
R, =2.413 a0 (see table 4) is described between 
R=2.0 u. and R d 3.2 4 by the contigura- 
tions with the single-excitation G = 
...8a’29a’210a’21 n22a”13an1, and with the double- 
excitations $I = ...ga’29a’2 1 Oa” 1 an22a”03an2 and 
f = . ..8ar29ar210a’01a”22a”23a”2. For R> 3.2 ~0 
the wavefunction is dominated by the correspon- 
ding two-excitation configuration I3 = 
...8a’29a” 1 Oaf1 la”22a”23a”2, which describes the 
c ‘A’ state in the Franck-Condon region, i.e. a non- 
adiabatic interaction occurs between the c ‘A’ and 
D ‘A’ states. The resulting avoided crossing between 
these states is quite obvious from figs. 4a-4c. 
For R2& 4.0 u,, another configuration contributes 
with important coefficients. It is the four-open- 
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Table 7 
Comparison of theoretical and experimental spectroscopic pa- 
rameters for the Or fnlgment in the OS supermolecule calculation 
atRz=10.0ucandy=116.8”.Allvaluesaregivenincm-1 
2 ‘Bz. It is a repulsive state which dissociates into 
O(‘D,)+O,(a’&) (seefigs. 4a-4c). 
X ‘2; electronic state fragment 
Dissociating R, 
state 
X ‘A’ 
A ‘A” 
c ‘A” 
exp. b, 
2.30 1623 1.43 
(-22::;782) 
2.39 1604 1.32 
(-22:;788) 
2.36 1583 1.35 
(-22:::761) 
2.28 1580 1.46 0.0 
In the Franck-Condon region the wavefunction of 
this state is dominated by the configurations 
G = . ..8ar29ar2 1 0a’2 1 an22a”‘3a”’ (one-electron excita- 
tion), ]=...8a’29a’210a*1a”22a”23a”2 and fi= 
...8a’29a’2 1 0a12 1a”22a”03a”2 (two-electron excita- 
tions), i.e. it is described by the same configurations 
as the D ‘A’ state. For R2 3 4.0 ac, the wavefunction 
is dominated by the configuration F which has been 
described in the c ‘A’ state. This four-open-shell 
configuration leads at the dissociation limit 
(R,= 10.0 ao) to the ‘D,(...2pk2p:2pi) + 
a’A,(...lx~lx$,lrr&l&) fragmentation. 
a ‘As electronic state fragment 3.2. The ‘A” states 
Dissociating R, 
state 
B ‘A” 2.32 1501 1.39 8049 
(-224.8687) 
b ‘A’ 2.30 1882 1.42 8146 
( -224.8684) 
exp. d, 2.30 1510 1.42 7920 
.) In parentheses i given the calculated minimum energy (in 
hartree) for 0s from the supermolecule calculation. 
b, Ref. [50]. 
c) It represents the energy difference between the theoretical zero 
of energy &= -224.9777 hartree averaged over all three sin- 
glet electronic states which dissociate into 01(X ‘xi) +O(3Ps) 
and the excited state a ‘4 plus the experimental energy diier- 
ence between the ‘P, and ‘4 electronic states of the oxygen 
atom (15890cm-I). 
d)Ref. [51]. 
The 2D-PES corresponding tothe stretching ofboth 
O-O bonds (R,, R,) for the A ‘A” and B ‘A” elec- 
tronic states of ozone are presented in fig. 7a, 7b 
and 7c, respectively. They show the following 
characteristics: 
(i) The electronic state A ‘A” is the lowest excited 
singlet state in ozone. Its global minimum calculated 
at R1=R2=2.55 4 and y= 100.0” (fig. 7a) is sepa- 
rated from the dissociation region (RI>/ 3.5 a,,, i= 1, 
2) by a potential barrier. It is adiabatically 1.48 eV 
(table 5) above the ground state equilibrium. The 
energy difference between the ‘A” minimum and the 
top of its barrier has been calculated as AE= 0.45 eV, 
i.e. 1.93 eV above the global minimum of the ground 
state. At the angle value y= 116.8’ (Franck-Condon 
region; see fig. 7b) this state is repulsive with a ver- 
tical excitation of 2.41 eV. 
shell C previously discussed for the ground state. 
At the dissociation limit (R2 = 10.0 a,,) it describes 
the ‘D,(...2p~2p~2p~)+a’A~(...lx~lla$,lrc~lrc~) 
fragmentation. 
The calculated vibrational frequencies vl = 770 
cm-‘, v,=612 cm-’ and us=586 cm-’ showimpor- 
tant discrepancies compared to the values in another 
theoretical study [49] and also to the experimental 
values given for the Huggins absorption band (see ta- 
ble 6 and note i), if the latter absorption band is as- 
signed by the r> ‘A’ tX ‘A’ transition. 
(iv) The high-lying state, R ‘A’ has not been in- 
vestigated at the level of a 3D-PES. It has a vertical 
energy of 6.76 eV and it is correlated to the Czv state 
This state dissociates into the lowest fragmenta- 
tion channel 0( 3P,) +02(X 3E;p). The barrier re- 
sults from avoided crossings with the higher state 
B ‘A”; both correlate in C2” symmetry with the 1 ‘A2 
and 1 ‘B, states (fig. 2) but possess the same A” sym- 
metry in the distorted geometry and are thus allowed 
to interact [ 15,38,44], As shown in fig. 8a, the PES 
of 1 ‘A2 and 1 *Bi states cross two times at y= 116”, 
when viewed as function of the R, =R2 =R bond dis- 
tance elongation (see ref. [ 46 ] ) . One crossing is po- 
sitioned in the Franck-Condon region around Rw 
2.40 a0 and the second one at Ra2.70 a,-,. Similar 
crossings have also been found in other triatomic sys- 
tems such as H2S [ 52 1, for example. 
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(b) 
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R,/a.u. 
R7la.u. 
Fig. 5. Contour plots of the calculated two-dimensional (RI, &) PES at y= 116.8” of the ‘A’ states of ozone: (a) ground state X ‘A’, 
(b) c ‘A’ state and (c) b ‘A’ state. The difference in contour lines is 1000 cm-’ ( =O. 124 eV). 
In the lower C, symmetry both states are of A” 
symmetry and the previously cited barrier appears for 
angle values lower than y= 116.0” as a result of the 
states’ interaction leading to a potential well for the 
A ‘A” state (see fig. 8b) for small angles (such as 
100” ) and a repulsive character of this state for an- 
glesabout 116”-125” (see fig. 4b). 
For an angle‘of y= 100” the wavefunction of the 
A IA’ state between Rz=2.00 and 2.80 ae (for 
RI ~2.413 ao) is dominated by the configuration 
3= . ..Sa’*9a’* lOa” laN22an23a”’ (one-electron excita- 
tion). For R2> 2.90 a, the configuration I& 
. ..8a’*9a” 10a’*1a”*2a”*3a”’ is also important and be- 
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.‘w._ 
2.4 2.8 6.0 
Fig. 6. Description of the ground state X IA’ on the CI level at various internuclear separations RZ for fmed geometry Values (RI =2.413 
aO; Y= 11 ~j.8~ ) as function ofthe weight C2 (in percent) in the CI expansion. The configurations are as follows: A  ...8a’29a’2tOa’21a”22a”z, 
8: ...8&a’210a”l la’* la”*2an2, c: ...8a’29a’210a”l la” la”22a”‘3a”’ or at large R,: . ..i~&lz& t&ln$p~2p$#. 
comes the major term for values lower than RI= 3.2 
a0. 
At higher angle values (at RI =2.413 a0 and 
y= 116.8”; see table 4) the configuration 3 is domi- 
nant between Rz = 2.00 a,, and 2.4 13 a; for R2 > 2.413 
a0 the configuration R is the most important one 
until R2<3.20 ao. For RZ>3.20 a0 (for both angle 
values y= 100.0” and 116.8”) the four-open-shell 
configuration e= ...8a’29a” 1 Oa’l 1 la” larr22arr23arr1 
dominates the wavefunction and describes in the dis- 
sociationlimit at Rz= 10.0 6 the ‘P,(...2p:2p:2pJ) + 
X3&- (...I~~l~&lrt~l~~) fragmentation. 
The vibrational frequencies are calculated as 
~~~1170 cm-‘, v,=573 cm-’ and v,=996 Cm-‘. 
The first two values how an excellent agreement with 
recent experimental values (see table 6). 
(ii) The low-lying excited state, B ‘A”, which dis- 
sociates to the excited fragments 0 ( ‘DJ + O2 (a ‘4)) 
has been calculated with a vertical energy of 2.64 eV 
and with an adiabatic energy of 2.10 eV. As shown in 
tig. 7c it is a bound state with an equilibrium geome- 
tryofRl=R2=2.56aoandy=116.0”. Itscalculated 
dissociation energy of 1.79 eV has been estimated 
taking the energy difference between the O3 mini- 
mum and the energy of the fragments 0 + O2 ( ‘4); 
see table 6. Between R2=2.00 a0 and 2.413 a0 (for 
R,=2.413 a0 and ~~116.8”) the wavefunction is 
dominated by the configurations R and I& 
...8a’29a’1 1 0a’21a”22a”13a”2 (two-electron excita- 
tion). For R2>2.413 a0 the configuration 3= 
. ..8a’*9a” 10a’21arr22ar’23arr1 is the leading term until 
R2=3.20 a,. For larger values of R2 to the disso- 
ciation limit (R2= 10.0 ao) the wavefunction is 
dominated by the configuration c, but in the 
present case it describes the ‘D,(...2pz2pj2pf) + 
a14(...ln1111~~lIF~1~~) fragmentation. 
The vibrational modes have been calculated with 
thevaluesvl=995cm-L,v2=426cm-1andv3=1024 
cm-‘. The first two values show an excellent agree- 
ment with the experimental values of Levene et al. 
[ 171. The recent experimental values of Anderson et 
al. [ 16 ] are about 18% to 33% higher than our pre- 
dicted values. 
(iii) The high-lying state, E ‘A” has not been in- 
vestigated on the level of a 3D-PES (see figs. 4a, b), 
It has a vertical energy of 6.39 eV and it is correlated . 
to the C2” state 2 ‘At. Similarly as for the low-lying 
A’ states previously discussed (see also fig. 2) some 
conical intersections (at least two) are expected ue 
to a crossing between the 2 ‘A2 and 2 ‘Bi states (see 
ref. [ 461) and complicated 3D-PES as for the A lA” 
and B ‘A” states are predicted. Based on the calcu- 
lated potential curves the E ‘A” state appears as a re- 
pulsive state at y= 116.8”; it dissociates into 
0 ( ‘D, ) + O2 (a ‘4). In the Franck-Condon region 
the wavefunction of this state is dominated by the 
configuration m= ...8a’29a’210a’1 la”22a”13a”2 (two- 
electron excitation). For R2a3.40 a, the config- 
urations 3 and 6 = . ..8a’l9a’*lOa” 1 la” la”22a”13a”2 
(three-electron excitation) are the most impor- 
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*z- ’ I 
2.0 25 3.0 35 4.0 
Fig. 7. Contour plots of the calculated two-dimensional (R,, R2) PES of the ‘A” states of ozone: (a) A ‘A” at y= loo”, (b) A’A” at 
y= 116.8” and (c) B ‘A” at y= 116.8”. The difference in contour lines is lOOOcm-’ (a0.124 eV). 
tant ones. Towards the dissociation limit (at R= 
10.0 6) the fragments are described by the nega- 
tive linear combination of the configurations 
P=...8a’29a’210a’11 lar21an22an13an0 and Q= 
...8a’29a’2 1 Oa” 11 alo 1 a”22a”’ 3a”2 corresponding to 
‘D,(...2pi2pi2pt)+a *~(...lx~lx&lx~lx&,) and 
‘DS(...2p~2p~2pf)+a’4(...lx~lx&lx~lx~), re- 
spectively. 
3.3. Transition moments 
As seen in fig. 2 almost all of the low-lying states in 
the symmetric CzV arrangement are accessible from 
the X ‘A, ground state with the exception of the two 
‘A2 states. Depending on the symmetry of the upper 
state, the orientation of the transition moment is dif- 
ferent in the various transitions and only one spatial 
component is always active. 
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Table 8 
Calculated transition moments in terms of the C,, symmetry internal coordinate s3 for the electronic transitions 'A' +X ‘A’. Distances 
s, and s3 are given in a.,, transition moments pr in au and energy differences AE relative to the ground state minimum in nm 
c 0 R 
I 
PY Pz Lw PY Pz AE PY A AE 
s,=3.39,s2=116.8’ 
s3 = f 0.007 +0.0054 0.0009 283 0.9770 zk 0.0920 228 0.5090 f 0.0402 183 
s,= f0.2828 *0.0310 0.0024 250 0.8560 kO.1590 230 0.2690 + 0.0382 191 
s,= kO.5656 kO.2550 0.0730 207 0.5200 *0.1100 201 0.1600 k 0.0338 151 
s,=3.677,sl= 116.8” 
s3= kO.007 ~0.00014 0.0017 342 0.710 +0.1100 296 0.3240 f 0.0286 224 
s, = rt 0.2828 fO.O1O1 0.0022 329 0.643 f 0.0880 314 0.2090 f0.0238 231 
s3t f0.5656 kO.1450 0.03 11 304 0.390 f0.0140 295 0.0954 + 0.0393 260 
E La.u.1 
0.4 Ela.u. I 1 -.78 -.a2 \ 
Fig. 8. Potential energy curves for the two lowest-lying excited 
singlet states in ozone: (a) in C,, symmetry (see also ref. [ 461) 
there are two crossings between the 1 ‘B, and 1 ‘A2 states as func- 
tion of the bond length R, = R2= R whereby bond angle y is held 
at 116”; (b) in C. symmetry there is an avoided crossing of po- 
tential curves of A ‘A” and B ‘A” states as function of Rb whe=by 
RI=2.413u,,andy=100”. 
A slight asymmetric distortion of the nuclear 
framework makes transitions to all states allowed ac- 
cording to the C, dipole selection rules. The ‘A” states 
which correlate with the ‘AZ states, become accessi- 
ble by vibronically induced transitions. For the ‘A’ 
states the transition moment possesses now two spa- 
tial components; one is the “electronically allowed” 
component based on CzV selection rules and the other 
the “vibronically allowed” component. 
For the actual evaluation of the various transition 
moments the CzV symmetry internal coordinates de- 
fined as 
h(A,)=Y, 
s3(B2)=(R,-R,)/fi (6) 
are employed. Transition moments are computed for 
three asymmetric distortions ( IN3 1~0.01, 0.4, 0.8 
ao) corresponding to values for the s3 coordinate of 
f 0.007, + 0.2828 and + 0.567 ao; s1 was generally 
3.39 and3.677a,,andywaschosenas 116.8” or 100” 
for most investigations. The computed ata are listed 
in table 8 for the ‘A’ states and in table 9 for those of 
A” symmetry. The transition moments are even 
functions with respect o s3 for all “electronically al- 
lowed” species, while the “vibronically allowed” 
components are asymmetric with respect o s3 = 0, as 
indicated in the tables. 
By far the strongest transition moments are found 
for the transition D ‘A’ +X ‘A’, followed by the tran- 
sition fi ‘A’ +X ‘A’. The dominant spatial compo- 
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Table 9 
Calculated transition moments for the electronic transitions 
‘A” +% ‘A’. Distances s, and s, are given in as and transition 
moments in au 
s,=3.39,ss=100° 
s,= f0.007 
s,= f0.2828 
s,= kO.5657 
s,=3.677,sz=100” 
ss= f0.007 
s,= f0.2828 
sj= kO.5657 
sl=3.39,ss=116.80 
sj= kO.007 
s,= f 0.2828 
ss= f0.5657 
s,=3.677,s2=116.8” 
S) = f 0.007 
s, = + 0.2828 
sj= f0.5657 
f0.0007 0.0190 - 
f0.0034 0.0215 - 
f 0.0042 0.0022 - 
+ 0.0026 
f 0.0066 
f 0.0055 
kO.0125 
+0.0153 
f 0.0003 
f 0.0062 
f 0.0076 
*0.0011 
0.0072 - 
0.0150 - 
0.0010 - 
0.0110 kO.0351 
0.0068 * 0.0474 
0.0008 f 0.0355 
0.00341 kO.0316 
0.00136 f 0.0440 
0.0002 f 0.0490 
nent is the “electronically allowed” pY dipole transi- 
tion (corresponding tothe X ‘AI-‘B2 transition in Czv 
symmetry, fig 2) while the vibronically induced pz 
component is quite weak in the geometry range stud- 
ied and causes in the main a shift in the orientation 
of the total transition dipole between 5 ’ and 12’ rel- 
ative to p,, (a= 1 arctan(&p,,) I). The large transi- 
tion moment for the d-ii: transition is expected on 
the basis of qualitative arguments since this is a x+x* 
type transition for which both orbitals have their 
maximum charge density in the same plane. At nearly 
vertical excitation (sl = 3.39 ao, s2 = 116” and 
s3= f0.007 ao) the calculated oscillator strength is 
f,= 0.13 in comparison with the experimentally de- 
duced value of 0.1 [ 2 11. For the ii state the calcula- 
tions find f,=O.O4. Outside of the Franck-Condon 
region cly decreases for both states as is obvious from 
table 8. This pattern is caused in the main by inter- 
action with other states (fig. 4). Since the li state is 
the highest state treated, its mixing with other states 
has not been investigated in detail; the dominant per- 
turber for the b state is the c state. 
For the c state, which correlates in the Franck- 
Condon area with 2 ‘Ai, the “electronically allowed” 
component pz is quite weak (see also ref. [ 461) since 
it results from a double excitation (6a14b2+2b: in 
Czv, 9a’ 1 Oa’ + 3a‘12 in C,) relative to the ground state. 
The calculated oscillator strength for nearly vertical 
transition is onlyf,=0.03X10-4 (exp.~l.0X10-4 
[ 2 1 ] ). Outside of the Franck-Condon area both 
components of the transition moment are active, 
whereby for large values of s3 the p,, component be- 
comes quite sizeable due to the interaction with the 
z> state (fig. 4, table 8 ). In the energy range A = 202- 
207 nm (5.98-6.15 eV), the c and D state geometry 
is close to s,=3.394 a0 and s,=O.565 CQ, (corre- 
sponding to R,=2.0 u,,, R2=2.8 ao, y= 116.8”); the 
calculatedvalues aref,=O.Ol (c) and&O.04 (D) 
and represent about 8% and 3 1% of the total value 
cf, = 0.13 ) computed for the Hartley band. It should 
be noted, however, that in this energy range both 
states possess repulsive character and lie above the 
0 ( ‘D,) + O2 (a ‘4) dissociation limit. 
The perpendicular t ansition moments to the three 
A” states are small. The E state corresponds in the 
main to 2 ‘A2 in the symmetric nuclear arrangement, 
so that px must be considered as a vibronically in- 
duced moment with an asymmetric behavior in the 
s3 coordinate. This state has not been analyzed in de- 
tail and will thus not be discussed further. In the 
Franck-Condon area are the computed value is 
f,=o.2x 10-j. 
The understanding of the behavior of px for the A 
and s state is much more complicated since both 
states how heavy mixing in the lower C, symmetry 
(figs. 2 and 4), the amount of which varies with geo- 
metrical parameters. For y= 100” the identification 
of A with its C2” analogue ‘A2 ( 4b2+ 2bi ) seems clear 
according to the angular potential curves shown in 
figs. 3 and 6 of ref. [ 46 1, at least up to R2 values of 
2.8 ao. For this reason px (A) is the vibronically in- 
duced moment and px (8) is the “electronically al- 
lowed” transition corresponding to the X ‘A,-‘B, 
(6a, +2b, ) transition in the symmetric arrangement, 
showing the symmetric behavior with the coordinate 
s3. This area ( y = 100 ’ ) is also of special importance 
for the iT state since this state possesses its absolute 
minimum around y= 100” (fig. 7, table 5). 
For y= 116.8” the situation is much more complex 
and a definitive correlation to one or the other of the 
C2” symmetry states is difficult because (a) both 
states are very close in energy (fig. 8a) and change 
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their relative ordering with geometry, (b) the actual 
degree of mixing in the lower symmetry depends to 
some extent on the technical treatment, and (c) the 
6a, and 4bz MO which characterize the Clv states 
change their stability order between 130” and 100” 
and the optimal MO in the C, SCF procedure is a 
combination of both. We will therefore base the qual- 
itative reasoning on the y= 100” data. In previous 
work [ 441 the calculated transition moments to the 
lowest ‘A” states have been found to be of similar 
magnitude for R, = R2 and fixed angle y. In the pres- 
ent work exact Clv geometries are not considered in 
calculating transition moments but only slight geo- 
metrical deviations therefrom; the results show that 
the magnitude of the transition moments to these 
states is also similar in the Franck-Condon region. 
The B-2 transition probability is much smaller 
than that of the i)-% transition because the states are 
connected by an excitation from an in-plane (6ai ) to 
an out-of-plane (2bi ) orbital. The maximum seems 
to be not in the symmetric arrangement (at least not 
for y= 100” ) but rather for the asymmetrical dis- 
torted geometry (s,=O.2828). The calculated oscil- 
lator strength for the vertical transition is 
f,=2.3~10-~ (exp. 3.2~10~~ [53]); its depen- 
dence on bending is discussed elsewhere [ 15,44,46 1. 
The intensity of the vibronically induced transition 
A-% increases with asymmetric distortion. 
4. Simulation of spectral bands 
Based on the preceding potential energy data and 
the calculated transition moment a simple simula- 
tion of the band spectra is attempted. Various alter- 
native assignments o the known spectral ines are 
made, and the calculated results should stimulate 
further experimental studies in the search for hidden 
or weak lines; the long-range goal of the experimental 
and theoretical efforts is, of course, the unequivocal 
assignment of all the peaks in the entire ozone 
spectrum. 
The simulation of the absorption bands is based on 
the golden rule for electric dipole transitions, accord- 
ing to which the transition moment between lower 
state (marked by a double prime) and higher state 
(marked by a single prime) is given as 
R n’n”e’e” = I (xn, OiYR I (v/e, I(WP 
Xv/e” > IXn* (Si)lR) I2 - (7) 
Here the x functions are the vibrational functions 
given in terms of the C,, symmetry internal coordi- 
nates (eq. ( 6 ) ) , which describe (in an uncoupled ap- 
proximation) the nuclear motion, i.e. the vibrational 
modes. v/ are the electronic wavefunctions, E is the 
vector of polarization of the photon and # the electric 
dipole moment operator. The superscript IR denotes 
the corresponding irreducible representation of the 
wavefunctions and the transition dipole component, 
if convenient. The intensity of the calculated lines 
which is proportional to the absorption cross section, 
is given by 
=A(vi, P;)B(y;, z$)C(& Y’j), 
with 
A(~;,y’;)=l(XV’I(SI)lX”T(SI))12, 
B(G G)= I (XY5(S2) lx&d) I2 9 
CC&, 47 
(8) 
(9a) 
(9b) 
The terms A(v’, , ~7) and B( vi, v;) are the Franck- 
Condon factors between the vibrational wavefunc- 
tions in their corresponding internal coordinates for 
the symmetric stretching mode v1 and bending mode 
v2, respectively. Depending on the symmetry of the 
electronic excited state the term C( vi, vl;) describes 
a vibronically allowed transition, an electronically al- 
lowed transition or both. A shortcoming of this ap- 
proach is certainly the neglect of coupling between 
the various modes. 
Considering the ground state in its zero-point lev- 
els, the intensity is given (in ( au)2) by 
Z (vlr2u3)‘.-(oo0)” =A(v;, O)B(vi, 0) 
x I (Xvs(S3) (A',W)I(~:I(~.d)xRIX ‘A’) 
X IX”ruwl> 12. (10) 
The vibrational functions are those used for the cal- 
culation of the vibrational modes (see table 6 ) . 
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4. I. The Wuuabsorption band 
As discussed in the preceding sections the A ‘A” is 
a metastable bound state separated from the disso- 
ciation continuum by a barrier. The transition 
A ‘A” eX ‘A’ becomes vibronically allowed with the 
transition moment ,u~ as shown in table 9. The matrix 
element C( vi, 0) of eq. (9c) does not vanish for the 
transitions vi = 1, 3 . ..td ~0. In analogy to the 
interpretation of the Huggins absorption band by 
Brand et al. [ 2 1 ] and Katayama [ 201, hot bands are 
also considered in the present study. From experi- 
mental investigations of ozone in its ground state 
[ 2 1,48 1, s1 and s3 modes are strongly coupled, mak- 
ing Au3 transitions more likely. Hence it is assumed, 
that if Ay transitions are possible in the cold spec- 
trum, Av3 transitions are also possible in the hot 
bands, for example v; =0,2 . ..tv. = 1,3. Takingthis 
into account, our ab initio simulation would inter- 
pret the lowest transitions in the Wulf bands as hot 
bands. In the actual simulation the calculated ener- 
gies for the A IA” state are shifted by 0.2 eV to lower 
energies, so that the origin is positioned at 
Eoo, = 11128 cm-‘, placing the zero-point level of the 
Table 10 
Calculated band line positions for the A ‘A” +X ‘A’ transition in comparison witb the experiment. Band position in cm-’ and intensity 
in (au)2 
Experiment Present work 
[71" iI31 1121 [ 15,161 b, assigned calculated intensity assigned expected 
progression line position progression hot lines 
(ulql)‘t(ooo)~ (u1Yl)‘+(OOO)” progression c, 
10000 
10567 
11133 
11700 
12267 
12834 
13400 
13967 
14534 
10091 
10571 
11093 
11669 11701 
12240 12246 
9544 
10078 
10588 
11128 
001 
011 
021 
031 
041 
051 
12750 
13325 - 
13875 
14450 - 
9028 0.29x lo-” 
9601 0.23x lo-” 
9647 0.93x lo-‘* 
10000 0.70x lo-‘* 
10096 0.73x lo-‘* 
10159 0.89x lo-‘* 
10387 o.llxlo-‘O 
10575 0.56x 10-r* 
10669 0.18x10-‘* 
10961 0.63x lo-to 
11128 0.62x lo-r0 
11133 0.44x lo-‘0 
11227 0.22x lo-” 
11233 0.37x lo-‘0 
11700 0.50x 10-s 
11750 0.47x lo-‘0 
12195 0.16x 1O-g 
12295 0.19x 10-8 
12770 0.12x 10-s 
12802 0.46x 10-s 
13327 0.48 x 10-s 
13332 0.79x 10-n 
13837 0.16x10-* 
13850 0.10x 10-7 
13870 0.12x 10-7 
14358 0.97x 10-s 
14395 0.60x lo-* 
14440 0.20x lo-’ 
001 
011 
101 
021 
111 
031 
121 
041 
211 
051 
131 
061 
221 
141 
‘) Original values of Wulf [ 71 given from the formula &sr = lOOOO+ 566.7 y in cm-’ for ~~0-9. 
b, The values from refs. [ 15,161 have been graphically estimated. 
‘) Calculated for room temperature T= 300 K. 
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Table 11 
Calculated band line positions for the transition B ‘A” +-X ‘A’ in comparison with experiment. Band position in cm-’ and intensity in 
(au)2. Listed is the progression (u,ug,)‘+ (000)” 
Experiment 
171 l) 1191 [I71 [53] b, [I61 
Present work 
calculated 
line position 
intensity assigned 
progression 
(w23) 
15310 
16190 15850 
16625 16613 16656 16600 16707 0.12x10-4 
17270 17381 17409 17454 17414 17133 0.20x 1o-s 
17704 17714 17702 0.21x10-4 
18308 18320 18128 0.33x 1o-5 
18743 18729 18806 18790 18690 0.24x 1O-4 
19307 19361 19116 0.33x 10-r 
19742 19765 19699 19792 19671 0.28x 1O-4 
20266 20344 20204 0.24x 1O-5 
20701 20706 20681 20733 20646 0.95x 1o-5 
21186 21234 21260 21072 0.13x10-’ 
21620 21648 21550 21612 0.35x 1o-5 
22065 22038 0.60x 1O-6 
22500 22545 22567 0.17x10-~ 
22905 22993 0.23x 1O-6 
23340 23498 0.60x 1O-6 
a) Original values of Wulf I7 I from the formula E ,=16625+n’ (1099-20n’)-435n”;n’=l-7,n”=O, 1. 
b, Values from cold-phase xperiments. 
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cm -1 
Fig. 9. Simulated Wulf absorption band using calculated band 
line intensities (shown in arbitrary units; see table 10 for abso- 
lute values) on the basis of the transition A ‘A”+X ‘A’ as func- 
tion of the photoexcitation energy (in cm-‘). 
excited state at EooO= 10070 cm-‘. The calculated 
values for the intensity and our alternative assign- 
ments are listed in table 10; the resulting spectrum of 
the simulated band is shown in fig. 9. 
The calculations how that the first experimental 
peaks can also be interpreted as hot bands coming 
from ground state vibrational excited states Y;’ = 1, 
v;=2andu’;= 1. Moreover, the intensity of the peaks 
increases with increasing excitation energy as ex- 
pected from experiment. The progressions have been 
considered up to the top of the barrier (Ez 14500 
cm-‘). 
4.2. The Chappuis absorption band 
The electronically allowed transition B ‘A” tX ‘A’ 
describes excitations into a potential well of a bound 
state which possesses an equilibrium angle similar to 
the ground state. The calculated intensities and band 
line positions of this transition are listed in table 11 
and the simulated spectra up to excitation energies of 
28000 cm- ’ are shown in fig. 1 Oa. The calculated ab 
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Fig. 10. (a) Simulated Chappuis absorption band using calcu- 
lated band line intensities (see table 11 for absolute values) de- 
scribed by the transition B ‘A” tX ‘A’ as function of the pho- 
toexcitation energy (in cm-’ ); (b) observed absorption cross 
section for the falloff regions of the Chappuis and Huggins ab- 
sorption bands obtained by Katayama [ 20 1; see text for details. 
initio value for the origin of the fi ‘A” state has been 
shifted in this simulation to higher energy values by 
50cm-‘arrivingat 16700cm-*. 
The results how that the principal progression can 
bedescribedby (vi, v2, O)‘+(OOO)” withv,=O-11 
for vz = 0, 1. Moreover the intensity of the progres- 
sions decreases for increasing photoexcitation ener- 
gies. The maximum of the progressions i  found to 
befor(vl,0,0)“+(000)“withv,=1,2. 
The simulation of the hot bands for this band pre- 
dicts relatively small values compared to the intensi- 
ties of the cold band. 
In an experimental study of the Huggins absorp- 
tion band Katayama [20] has reported two new 
bands in the “cooled spectrum”. They are shown in 
fig. lob. He has assigned these bands as the transi- 
I I I I I I 
I 300 I 200 I 100 @00)” 
310 210 110 
340 350 360 nm 
(29415) (28574) (27381) pW 
tions (llO)‘t(OOO)” (at La360 nm) and 
(lOO)‘+(OOO)” (at A=355 nm) of the Huggins 
band. Considering the reported spectra s function of 
energy (see fig. 1 Ob) the observed peaks for “cooled 
ozone” decrease in intensity for increasing photoex- 
citation energy, contrary to the generally known be- 
havior of the Huggins band (1~355 nm) [9,10]. 
Based on the results of the present work these two 
observed peaks can alternatively be interpreted as the 
progression ( vl, v2, 0)’ t (000) U for large values 
vi 2 10 and u2 > 3 describing the blue “falloff” limit 
of the Chappuis band, i.e. it can be expected that in 
this energy region an overlap between the Chappuis 
band and the Huggins band exists. 
4.3. The transition 2; ‘A’ tX A’ 
This transition possesses two components of which 
the vibronically induced (cl,) is larger in various re- 
gions of the PES than the electronically allowed. The 
calculation for the simulated band line positions 
shows that the term C( z.$ = 1, V; = 0) in eq. (SC) is 
about two times stronger than C( V; = 0, v’; = 0). The 
calculated intensities and band line positions are 
contained in table 12 and shown in fig. 11. The cal- 
culated ab initio value for the origin of the c ‘A’ state 
has been shifted about 500 cm-’ to higher energies 
to agree with the experimental value 28465 cm-‘. The 
progression has been considered up to the top of the 
barrier (E%30600 cm-‘) of this state, the latter re- 
sults from coupling with the strong absorbing state 
n ‘A’. The strong lines have been assigned to the vi- 
brational transitions (v10v2)’ + (000) n of the j3 ‘A’ 
state for vl = O-2 and v3 = 0, 1. No coupling between 
the excited states c and l3 has been considered, how- 
ever. The zero-point energy of the b state has been 
shifted by 1550 cm- ’ to lower energies to match the 
experimental value 29082 cm-‘. 
The results how that the weakest progressions can 
be assigned as ( vlv2v3) ’ t (000) ” with vi = O-2, 
u2 = O-3 and u3 = 0, 1. Because the theoretical value 
for the vI vibrational mode is larger than v3 in the 
excited state the assignment for the experimental lines 
(OOl)‘, (110)” and (011)’ are inverted as the 
( 100) ’ , (0 11) ’ and ( 110) ’ vibrational transitions, 
respectively. In agreement with experiment, he cal- 
culated intensities become stronger for increasing 
photoexcitation energy. The calculated line positions 
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Table 12 
Calculated band line positions in comparison with the experiment for the transitions c ‘A’ +X ‘A’ and 0 'A' tX ‘A’ in the energy range 
of the Huggins absorption band. Band line position in cm-’ and intensity in (au)‘. Listed are the progressions for(u, ug,) ' c (000) w 
Experiment Present work 
1231 1211 1201 assigned a) c ‘A’+X ‘A’ a ‘A’ tX ‘A’ 
progression 
fromref. [15] calculated intensity assigned calculated intensity assigned 
line position progression line position progression 
(~IYV3)’ (VIYY)’ 
28469 28447 28465 000 28465 0.3x 10-g 000 
28797 28784 28803 010 28797 0.6x lo-* 010 
29081 29054 29082 100 29082 0.01 000 
29141 29127 29146 001 29125 0.6x 1O-8 001 
29136 0.2x 10-a 020 
29153 0.1x10-’ 100 
29406 29390 29412 110 29420 0.5x IO-9 030 
29457 0.1 x lo-’ 011 
29467 29467 - 011 29485 0.2x lo-’ 110 
29668 29639 29660 200 29769 0.2x 10-e 200 29607 0.02 001 
29748 29711 29724 101 29796 0.3x 10-S 021 
29814 0.2x lo-’ 101 
- 29807 - 002 29824 0.6x lo-* 120 
29971 29953 29974 210 30080 0.1x10-* 031 29851 0.03 100 
30101 0.4x 10-7 210 
30007 30030 30036 111 30108 0.2x 10-n 130 
30146 0.2x IO-8 111 
30215 30184 30209 300 30377 0.04 101 
30288 30264 30277 201 30429 0.4x lo-’ 201 
- 30334 - 102 30440 0.1 x lo-’ 220 
30485 0.1x10-’ 121 
30510 30479 30509 310 30621 0.05 200 
‘) This assignment differs from ref. [20] for VT by v, = VT - 2. 
for the transition to c deviate less than 100 cm- ’ from 
the measured numbers. 
The vibrational transitions to the b state show that 
they are about 1 O6 times stronger than to the c state 
but no quantitative significance should be attached 
to this ratio because both states have been considered 
independently, i.e. the nonadiabatic coupling be- 
tween both states has been neglected. Moreover, the 
matrix element R(v6 = 0, VP = 0) in eq. (9) for the 
bending vibrational mode of the D state has been cal- 
culated too high ( v2 = 6 12 cm-‘), differing about two 
times from the experimental value. The simulation 
of the hot bands for the transitions to the excited states 
c and D add in both cases to the intensity of the val- 
ues ( v1 ~2~3) considered. 
5. The potential energy surfaces of the triplet states 
For the calculation of the ZD-PES of the triplet 
states the set of gridpoints is the same as employed 
for the singlet states. Only the angle values y= 100” 
and 116’ have been considered, however, and only 
the four lowest electronic states are treated at the 
standard level of accuracy. 
The calculated potential curves for the variable R2 
and Rrs2.413 a0 are shown in fig. 12 for y=lOO” 
and in fig. 13 for y=116.8”. The character of the 
wavefunctions for these states is summarized in table 
13. The characterization of the states as obtained from 
the ZD-PES is given in table 14. The ZD-PES corre- 
sponding to the stretching of the O-O bond lengths 
(R1,R2)fortheg3A’andb”3A”statesaty=100”are 
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Fig. 11. Simulated Huggins weak absorption band using calcu- 
lated band line intensities (see table 12 for absolute values) de- 
scribed by the transition I? ‘A’ CX ‘A’ as function of the pho- 
toexcitation energy (in cm-‘). 
shown in figs. 14a and 14b, respectively, and for the 
5’A’, g3Ar, E3A” and a’A’ states at y=116.8” in 
figs. 15a- 15d, respectively. They show the following 
characteristics: 
(ii) The electronic state 6 3Ar is the lowest-lying 
excited state in ozone. Its absolute minimum calcu- 
latedatR,=R2=2.57aoandy=100.0” (fig. 14b) is 
energetically about 0.90 eV above the global mini- 
mum of the ground state. This state correlates with 
the dissociation channel 0 (3P,) + O2 (X 3E:g ) (see 
fig. 3) leading to a computed dissociation energy as 
difference between the O3 minimum and the energy 
of the diatomic O2 (X 3Z; ) at optimal bond length 
plus an oxygen atom of 0; k: 0.19 eV. 
(i) The lowest-lying state for vertical excitations is In contrast o the singlet A ‘A” state for y= 100.0” 
the 2 ‘A’ with 1.67 eV. The corresponding CZv state 
is the 1 3B2 (see fig. 3 and table 3 ). In the dissocia- 
no potential barrier resulting from the configuration 
interaction between the 6 2Ar and E 3A” is found, 
tion limit it correlates with the 0 (3P,) +02(X 3C; ) from the treatment of the corresponding states 1 3A,r 
fragmentation. The PES show that for both angle val- 
ues considered this state is repulsive, i.e. not bound. 
Considering the results of a previous work [ 42 ] it is 
expected that this state is weakly bound in the range 
of y= 105”-110”. 
BetweenRz=2.0aoandR2g3.4ao (forR,=2.413 
a0 at both angle values) the wavefunction of this state 
is dominated by the two-open-shell configuration 
F= . ..8a’29a’210a’21a”22a”13a”1 (one-electron excita- 
tion). For R2 > 3.4 uc, the configuration C dominates 
in the entire range of the PES considered. Near the 
dissociation limit ( R2 = 10.0 ao) it describes the frag- 
ments in the same manner as has been discussed for 
the ground state. 
,E/a.u. 
&(‘A,)+ 0t3P) 
au. 
I I I I I I I I I 
w_ 
2.0 2.4 28 3.2 36 4.0 
Fig. 12. Calculated potential energy curves for the lowest-lying triplet states of ozone as a function of R2 whereby RI =2.413 u,, and 
y= 100”. The estimated full-C1 energy is given as&-r= -224.0+E in au. 
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Fig. 13. calculated potential energy curves for the lowest-lying triplet states of ozone as function of R2 whereby RI = 2.4 13 & and y= 116.8 ‘. 
The estimated full-C1 energy is given as Erct= - 224.0 + E in au. 
Table 13 
Character of triplet electronic states. Given are the occupation umbers for the molecular orbitals in the dominant confmrations at 
various internuclear separations R2 for fixed geometry values (R, =2.413 ao; y= 116.8” ), and the weight Kof all reference confgurations 
(K= 1 ref c:) in the CI expansion 
State Rz-2.413 a0 
orbitals ‘) 
R2 = 3.00 uc 
orbitals ‘) 
R2 = 4.00 a, 
orbit& a) 
Sa’ 9a’ 10a’ lla’ la” 2a” 3a” K 8a’ 9a’ 10a’ lla’ la” 2a” 3a” K 8a’ 9a’ 10a’ lla’ la” 2a” 3a” K 
S’A’ 2 2 2 0 
--- - 
--_ - 
6’A” 2 1 2 0 
2 12 0 
_-- - 
_-_ - 
ESA” 2 2 1 0 
-_- - 
--- - 
--- - 
a’A’ 2 1 1 0 
--- - 
-_- - 
2 1 1 0.91 2 2 2 0 
- - _ 222 0 
_ - _ 221 1 
2 1 2 0.90 2 2 1 0 
2 2 1 2 12 0 
- - _ --- - 
_ _ _ 211 1 
2 2 1 0.90 2 2 1 0 
_ - - 220 1 
_ _ _ _-- - 
_ - _ _-- - 
2 2 2 0.90 2 1 1 0 
_ - - 111 1 
_ _ - _-- - 
2 1 1 0.92 2 2 2 
112 --- 
2 1 1 2 2 1 
2 1 2 0.91 - - - 
2 2 1 2 1 2 
- _ - 1 1 1 
2 2 1 2 1 1 
2 2 1 0.91 - - - 
221 --- 
- _ _ 1 1 1 
- _ - 2 1 1 
2 2 2 0.91 - - - 
222 --- 
- - _ 2 1 2 
0 2 1 1 0.92 
- - _ _ 
1 2 1 1 b) 
_ - _ - 0.92 
0 2 2 1 
2 122 
1 2 2 1 
- - - - 0.92 
_ - - - 
2 1 2 2 
1 2 2 1 c) 
- - - - 0.92 
_ _ - - 
1 2 1 1 d) 
l ) See characterization i a) of table 4. 
b, See description of the configuration in footnote b) of table 4. 
‘) See description of the configuration in footnote c) of table 4. 
d, See description of the configuration in footnote d) of table 4. 
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Table 14 
Calculated spectroscopic parameters for the triplet states of 0s (distances in U,J and energies in eV) 
Electronic 
states in 
C 2” G 
1 ‘B2 8’A’ 
1 ‘A2 6 3A” 
1 ‘B, E3A” 
2 ‘Bs a’A’ 
Excitation 
energy 
vertical adiabatic 
Optimized 
equilibrium 
geometry (B,, Rz, Y) 
present work 
Barriers and 
dissociation energy 
theory, ‘) theory* ‘) 
Expected 
nature 
from the 
present results 
1.67 -C) 
1.73 mo.90 (2.57,2.57, o 100”) -0.25 0.19 
1.91 1.49 (2.55,2.55, -) ‘) -0.23 > 0.22 
4.00 3.25 (2.60,2.60, -) ‘) so.20 
unbound 
bound 
bound 
bound 
a1 See note b) in table 5; only the g ‘A’ possesses a barrier. 
b, See note c) in table 5. 
Cl For these states the angle has not been optimized and a lower adiabatic energy can be expected. In case of the 8 ‘A’ state a weakly 
bound state can be expected in the loo”-1 16 ’ angle range [ 46 1. 
R21a.u. 
Fig. 14. Contour plots of the calculated two-dimensional (R,, R2) PES at y= 100’ for the states: (a) 1 ‘A’ and (b) 6 “A”. The difference 
in contour lines is 1000 cm-’ (mO.124 eV). 
and 1 3B, in CsV symmetry it is known that these states 
cross at larger internuclear separation in the neigh- 
borhoodofR,=R1=2.85aofory=100” [46].Inthe 
CI description the wavefunction of the 6 3An state is 
betweenR,=2.0aoandR,93.2a0 (forR,=2.413ao 
and y= 100.0”) dominated by the configuration 
3 = ...8a’29a’21 Oa” 1 arr22arr23arr1 (one-electron excita- 
tion). At higher angle values (Ri=2.413 a0 and 
y= 116.8”, see table 13) the configurations 
I& ...8a’29a’L 1 0a’21a”22a”23a”1 (one-electron excita- 
tion) and &I- _ ...8a’29a’1 1 0a’2 larr22arr13arr2 (two-elec- 
tron excitation) are predominant in the wavefunc- 
tion between R2 = 2.0 a0 and 3.2 ao. For R2 > 3.2 a0 in 
case of both angle values the four-open-shell contig- 
uration fk ...8a’29a’1 10a” 1 la” larr22an23a”l is the 
leading term in the wavefunction describing at the 
dissociation limit the same fragmentation as in case 
of the A ‘A” state. Based on the present CI descrip- 
tion it is expected that the interaction between both 
3A” states leads to a potential barrier for the lower 
state which can be found for angle values lower than 
y= 116.8” and higher than 100”. 
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I---- Rz/a.u. 
Fig. 15. Contourplotsofthecalculatedtwo-dimensional (R,,R,) PESaty=116.8” for: (a) B3A’, (b) G3A”, (c) E’A” and (d) a’A’. 
The difference in contour lines is 1000 cm-’ ( 9 0.124 eV) . 
(iii) The excited state E ‘A” which fragments into 
0 ( 3Pg) + O2 (a ‘A,) has been calculated with a verti- 
cal energy of 1.9 1 eV and with an adiabatic energy of 
1.49 eV. As shown in figs. 13 and 1% this state is well 
bound with an equilibrium geometry of RI = R2= 2.55 
ao. No potential barrier has been found towards dis- 
sociation. The calculated issociation energy of 0.22 
eV has been estimated without angle optimization and 
should therefore be the lower limit. Ab initio calcu- 
lations for the symmetric arrangement predict an 
equilibriumangleofabout 121”-124” [l&33,46]. 
Between Rz = 2.0 a0 and 3.2 a0 the wavefunction is 
described in the main by the configuration 3. For 
R1> 3.2 a0 the four-open-shell configuration c is 
the leading term in the wavefunction and it 
describes at R2= 10.0 u. the dissociation limit 
3P,(...2p~2p~2pf)+a1$(...lx~lrc&lrr~lrt~). 
(iv) The excited state a 3A’ which dissociates in 
the lowest fragmentation channel 0( ‘P,) + 
O2 ( X 3C; ) , has a vertical energy of 4.0 eV. As shown 
in figs. 12, 13 and 15d (for y= 116.8”) it possesses a 
small barrier which separates the global minimum 
(calculated at RI = R2= 2.60 CQ and with an adiabatic 
energy of 3.25 eV) from the dissociation limit. The 
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calculated energy difference from minimum to the top 
of the barrier is about 0.20 eV. Generally, this state 
shows a similar behavior for the PES as the c ‘A’ state 
(see table 5 and fig. 4~). At y= 100” the a ‘A’ state 
shows repulsive behavior. 
The wavefunction of this state for y= 116.8” and 
RI ~2.413 a0 is dominated between R2=2.0 a,, and 
3.2 a0 by the two-open-shell configuration 
0 = ...8a’29a’1 10a” 1 arr22arr23an2 (two-electron exci- 
tation) as in case of the c ‘A’ state. For R2> 3.2 a0 
the configuration l? = . . . 8a’29a’1 loaf21 la” la”22a”L3a”1 
describes the fragmentation i a similar way as in case 
of the C ‘A’ state. 
6. Discussion and interpretation of the results 
The lowest observed absorption band in ozone is 
the 1.2 eV (1% 1050 nm) band. It has tentatively been 
assigned as the forbidden I 3A’ ( 1 3B2) CX ‘A’ tran- 
sition [ 541. This band is about 30 times weaker 
(ox 2.56 x 1 O-24 cm2) than the stronger vibrational 
components of the Wulf band [ 663-1000 nm] . An- 
derson et al. [ 161 discussed the possibility that this 
band can be modelled as a vibronically allowed 
1 ‘A,(OOl)tX ‘A1(OOO) transition, 
Based on the present results this band could also 
be interpreted as a hot band of the vibronically in- 
duced AlA” (1 ‘A2)tX ‘A’ transition with 
(OlO)‘t(OOl)” and (001)‘+(020)“. The calcu- 
lated values for the intensity predict that this band 
should be about 27 times weaker than the cold band 
(zero-point energy Eoo, = 1.38 eV). Such assignment 
is based on the reasoning that if the transition vi = 
1 t v’; = 0 is vibronically allowed, the transition u; = 
Oevl; = 1 should also be possible in the near-infrared 
spectra. The theoretically simulated band positions 
for the cold bands can be attributed to the progres- 
sion (vl,v2, l)‘e(OOO)” forv,=O, 1,2and~=O-6. 
In agreement with experiment he intensity of the 
lines increases with photoexcitation energy. A com- 
parison between normalized experimental absorp- 
tion cross sections and corresponding theoretical data 
listed in table 15 shows that the intensity calculated 
in the purely ab initio treatment at I = 8 5 5 nm is about 
four times weaker than in measurements. It would 
certainly be very helpful if detailed experimental 
knowledge of the temperature dependence of the 
photoexcitation bands for I k 700 nm would be avail- 
able in order to check the present interpretation of 
this portion of the Wulf band system. 
In the Franck-Condon region (y= 116.8” ) the 
A ‘A” just discussed shows a repulsive behavior and 
the transition moments (table 9 ) are stronger than at 
the A equilibrium angle value y= 100”. In previous 
work [44] the absorption spectrum for this transi- 
tion has been modelled in a very simple manner. This 
simulation of the ‘A” CX ‘A’ transition describes the 
bell-shaped continuum of the Chappuis band quite 
well. Connecting the present results to this simula- 
tion, the Wulf absorption band (see fig. 1) is inter- 
preted as the “falloff” region to the red side of the 
Chappuis continuum on which vibrational progres- 
sions are superimposed, in a similar manner as the 
experimental interpretation of the absorption band 
for the Huggins-Hartley ensemble [10,22,55]. Be- 
cause the vibrational levels of the A ‘A” are posi- 
tioned above the dissociation limit, but are separated 
from the dissociation continuum by a potential bar- 
rier (see fig. 8b ) , this state can predissociate by tun- 
neling. Experimental observations [ 12,16 ] report hat 
the progressions increase rapidly in width with pho- 
toexcitation energy corresponding to lifetimes of 
r< 1 x 1 O- l3 s. Other possible radiationless processes 
which can participate in the predissociation of the A 
state are intersystem crossings of the .& state with the 
repulsive triplet states g ‘A’ and 6 3An (see figs. 8b, 
12 and 13). 
On the blue side of the bell-shaped continuum in 
the Chappuis absorption band the tine structure can 
be interpreted as series of vibrational transitions 
coming from the transition B ‘A” CX ‘A’ superim- 
posed on the continuum (A ‘A” c X ‘A’ ) in the “fall- 
off” region. The simulated band line positions show 
a very good agreement with the experiment. Since the 
B state is found to be a well-bound state and no evi- 
dence for spontaneous emission (2=410-660 nm) 
has been observed so far, it can be speculated that the 
B state predissociates via nonadiabatic couplings 
(conical intersections) with the A state (see figs. 8a 
and 8b). An indirect confirmation for this assump- 
tion has recently been reported experimentally [ 14 1. 
The results show that the time constant for internal 
conversion from the 1 ‘Bi to the 1 ‘A2 state following 
excitation in the A= 624 nm range is about 90 fs, 
leading to dissociation into the 0 + O2 ground state 
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Table 15 
Comparison of theoretical estimated absorption cross sections with experiment 
Wavelength 
range (nm) 
%.P a) Uhb) Assigned 
transition to 
183.5-185.2 0.21 0.33 
224.7-227.3 1 1 ! 
281.7-286.0 0.83 0.46 
0.10x lo-’ ; 
342.5-347.5 0.52x lo-’ 0.03 
2.0-4.0x 1o-6 : 
472.5-477.5 0.15x lo-) 0.06x lo-) B 
847.5-852.5 0.45 x lo-’ 0.12x 10-4 ;d C) 
‘) The values are normalized to the value of the Hartley absorption band ~(227 nm) = 3.24~ lo-is cm’. The values are from ref. [ 31 
measured at T= 203 K. 
b, The values are normalized to the calculated value for the transition fi ‘A’+X ‘A’ at 227 nm. 
c, In this case the vibrational transition to the local minimum of the excited state for the respective photoexcitation energy range is 
considered. 
a(‘q )+o('P) 
Fig. 16. Calculated potential curves for the singlet and triplet excited states in oxone as function of the C,, internal coordinate s3 at 
s, ~3.677 a,, and s2=y= 116.8”. Their correlation to the fragmentation limit O+O, is also shown schematically. The ground state given 
by the broken line is shown for S, = 3.390 a, and y= 116.8’ (equilibrium geometry) as a function of sx. The estimated full-C1 energy is 
givenas&,=-223.0+Einau. 
fragments. As shown in fig. 16, for higher photoexci- 
tation energies a crossing between the PES of the 
B ‘A” state and the triplet state a 3A’ exists influenc- 
ing the fragmentation. The interaction between P and 
the triplet states due to spin-orbit coupling could also 
perturb the high-lying vibrational evels of the B state 
suggesting a predissociative nature in the absorption 
band. 
Measurements in the range T= -78 to 90°C 
[ 9,10,23,56] have shown that an important emper- 
ature dependence xists for the lowest part of the 
Huggins band (A= 336-361 nm). The observed hot- 
band spectra [9,10,20,21,23,56] show clearly a rela- 
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tively low-temperature sensitivity of the bands at 
1~343.9 nm (29082 cm-‘), 347.2 (28805 cm-‘) 
and 351.4 nm (28465 cm-‘). Based on the present 
ab initio calculations these lines can be interpreted as 
the vibrational transitions to (000) ’ and (010) ’ of 
the c state at the energies 28465 and 28805 cm-‘, 
respectively, and as the transition to (000) ’ of the D 
state at 29082 cm-’ the lines of weak intensity are 
thereby ascribed to vibrational transitions to the c 
state and the strong ones are interpreted as transi- 
tions to the D state. In this general sense the present 
interpretation agrees with previous interpretations 
[22,49,55] that the Huggins system partly corre- 
sponds to transitions into the bound portions of the 
b ‘A’ (1 ‘B2) PES with relatively weak Franck- 
Condon factors. For photoexcitations at 1~ 300 nm 
(above the dissociation limit of 0 ( ‘D,) + 02( a ‘4) ) 
the bell-shaped continuum (Hartley band) corre- 
sponds to transitions into the repulsive potential re- 
gion of the b surface [ 571 from the equilibrium ge- 
ometry of the ground state with strong Franck- 
Condon overlap. Due to the asymmetric distortion of 
the D state the component p,, (see table 8 ) dominates 
in the spectrum describing the vibrational transitions 
to the v; = 0, 1, . . . levels. 
There is experimental evidence that the line widths 
in the Huggins absorption depend on the excitation 
energy. For excitations between 28000 and 30400 
cm-’ (329~d6357nm) thedecaytimeofthelower 
vibrational evels has been calculated as r* 2 x 1 O- l 3 
s [ 211; at higher excitation energies between 30600 
and 31000 cm-’ (323dl~327 nm) a calculated 
predissociation lifetime of r= 3.6 x lo- l2 s is re- 
ported [ 221. As noted previously, the c state is a 
weakly bound state separated from the dissociation 
region by a potential barrier. Based on the present 
PES results, tunneling could possibly be the radia- 
tionless process leading to the observed predissocia- 
tive nature of the vibrational evels. In case of the b 
state, the observed predissociation could be partly due 
to the nonadiabatic coupling between this state 
and the c state leading to O( 3P,) +02(X ‘I;,) 
photofragments. 
On the other hand, taking into account he PES of 
the triplet states, as shown schematically in fig. 16, 
mixing of the higher-lying b ‘A’ state with the repul- 
sive portion of triplet states by spin-orbit coupling 
could also perturb the absorption spectra. Such a pro- 
cess has been proposed for the equivalent states in 
SO2 [ 58-601, but in ozone this coupling may lead to 
fragmentation ( photopredissociation) . The possible 
participating triplet states are correlated to 
the fragmentation channels 0 (3P,) + O2 (a ’ $) , 
O(3P,)+02(b’Z:) and 0(iD,)+02(X3Z~), 
which are below the dissociation limit of the b state 
(at about 32900 cm-‘). Measurements have re- 
ported that the Huggins absorption band is impor- 
tantlyperturbedfor~<313,5nm (E>31900cm-i) 
[ 9,201. Moreover, the present simulated absorption 
spectrum of the Huggins band shows for a noncou- 
pled model between the c and D states, that the tran- 
sitions to c as listed in table 15 are weak, but even- 
tually participate actively in the Huggins band. Brand 
et al. [ 2 1 ] reported an oscillator strength of roughly 
fez 1.0~ 10e5 for this band in the energy range 
E= 28400-30500 cm-i. This value is consistent with 
our computations. At higher excitation energies 
;1< 300 it is expected that both states c and b can 
absorb and fragmentate l ading to the production of 
3P, and ID, atoms, respectively; for A< 300 nm both 
states are placed above the fragmentation limit 
O(‘D,)+02(a1AJ. 
In considering ozone fragmentation it is important 
to realize that the dissociation channel leading to three 
oxygen atoms 0 (3P,) is also at relatively low energy 
( R 6.24 eV), compared to the various 02+ 0 chan- 
nels listed in table 16. The number of states actually 
considered in the present work is also shown in this 
table and the comparison between the experimental 
and calculated ata indicate the numerical accuracy 
of the present calculations. From the modelling view 
it is the third dissociation mechanism, if the symmet- 
ric removal of the central atom (0 + 02) as discussed 
earlier [ 40,461 and the asymmetric bond breaking as 
treated in the present work are considered to be the 
other two. 
Fig. 17 presents chematically the fragmentation 
path for the ground state X ‘A’ and the excited states 
b ‘A’ and ii ‘A’ for which the strongest transition 
moments (tables 8 and 9) have been found. The 
fragmentation of these states into 0 + O2 is described 
for Rpco at fixed values for RI and y; the fragmen- 
tation into ~xO(~P,) is described for RI=R2=R 
elongation at fmed y value parting from the Franck- 
Condon region. 
As discussed earlier, the a ‘A’ state correlates with 
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Table 16 
Comparison between experimental nd calculated issociation limits of ozone as obtained from the optimized geometry: RI =optimum, 
R2= 10.00 a, and y= 116.8”; the values are averaged over the total number of states calculated for the supermolecule in the respective 
dissociation channel. States of quintet multiplicity have been considered for R 1 ~2.60 a,,. Energies are given in eV 
o,+o Exp. Present States in O1 (C,) TNS/NS ‘) 
x 2, + 3Ps 0.0 b, 0.0 =) 2 1 2 1 2 1 9/9 
a ‘As+‘Ps 0.978 1.042 3 3 - - 6/6 
b’Z+ +)P 
x 3;; + 16, 
1.630 1.784 1 2 313 
1.970 2.165 2 3 - - 5/3 
a’As+‘Ds 2.950 3.062 5 5 1014 
b’Z+ +‘D 
c Ix: + 3P,’ 
3.600 - 3 2 5/- 
4.050 - 2 1 3/- 
x ‘Z; + IS, 4.180 - 1 ll- 
A3A,,+‘P,*’ 4.260 4.33 3 3 3 3 3 3 18/6 
A a: + ‘Ps *) 4.340 4.59 1 2 1 2 1 2 912 
a ‘As+ ‘S, 5.160 - 1 1 2/- 
3 x ‘P, e.f) 6.240 - 13 14 13 14 13 14 81/- 
b%++% 
c Ix: + ID’, 
6.850 - 1 ll- 
7.090 - 2 3 5/- 
a) TNS: total number of states for the channel; NS: number of states considered in the calculations. 
b, The zero of energy is chosen to be the experimental dissociation energy value D,= 1.13 eV [24 1. For each electronic state of the 
diatomic fragment he energy difference between the O-O vibrational levels of the respective states has been considered. 
c, The theoretical zero of energy is the estimated full CI energy E,= - 224.97363 hartree, averaged over all electronic states which dis- 
sociate into the lowest fragmentation channel X )E; + )P, 
‘) Only the quintet electronic states have been considered. 
‘) This fragmentation channel is given for the set of coordinates: yfixed and R, = R2= R, 5.00 a, or R2 2 5.00 a, and RI 2 RI. 
f, Also electronic states with higher multiplicity ‘A’ ( 13) and ‘A” (14) exist for this dissociation channel; in CZv symmetry the states 
considered are correlated with L,3*5*7(6AI + 7B, +7Bz+ 7As). 
the 2 ‘Bz for vertical excitations. It shows repulsive 
behavior (see figs. 4a-4c and 16) towards the frag- 
mentation channel 0 ( ID,) + O2 (a ‘4) for the asym- 
metric dissociation pathway. Moreover, it is placed 
above the fragmentation limit 3 xO(~P,), i.e. this 
state possesses three pathways for dissociation from 
which the fragmentation can be accompanied by the 
production of 0 (‘P,) and 0( ID,) atoms. As shown 
in table 15 the expected theoretical value for the ab- 
sorption cross section at 1= 183.2-185.2 nm de- 
scribed by the transition R ‘A’ +X ‘A’ (denoted here 
as the R-band) is in good agreement with measured 
data. Photodynamical calculations [571 find a bell- 
shaped continuum for A= [220-l 801 nm due to the 
favorable Franck-Condon overlap. The calculated 
absorption window between this band and the Hartley 
bell-shaped continuum is obtained around ,l= 2 17 nm 
(exp. 200.0-204 nm [ 31). Experimental quantum 
yield measurements for the formation of 0 ( ‘D,) and 
0( ‘P,) from photolysis of ozone at Iz G 193 nm 
[ 61,62 ] find a net production of odd oxygen atoms 
ofabout57%atlk:193nmandaboutl35%atl~l57 
nm. They represent an important production com- 
pared to the 12% obtained for photoexcitations in the 
Hartley absorption band at L= 266 nm. 
In case of the triplet states, the present ab initio 
results show that the low-lying excited states g3A’, 
6 3An, E 3A” and J’A’ are expected to be weakly 
bound. The E 3A” state correlates with the fragmen- 
tation channel 0 (3P,) + O2 (a ‘4) and the others to 
the 0 + O2 ground state fragments (see figs. 3, 12 and 
13). The high-lying states & ‘AA”, f ‘A” and F ‘A’ which 
are correlated to 0 (3P,) + O2 (a ‘4) , are expected to 
be repulsive. As shown in fig. 16, crossing occurs be- 
tween the PES of the E 3A” and the singlet state A ‘A”. 
In analogy to the case of the B ‘A” and D ‘A’ states, 
it may be speculated that predissociation of the E 3A” 
state is possible due to spin-orbit coupling making 
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O( 3p ) 
I 
E(031 
Fig. 17. Schematic picture for the correlation of the ground state 
X ‘A’ and the excited b ‘A’ and R ‘A’ states with the dissocia- 
tion limit O+O, for R2 elongation at fixed values for R, and y 
and the dissociation limit 3 x 0 ( )P,) for RI = R2 = R elongation 
(denoted by (a) ), parting from the Franck-Condon region. The 
fragmentation channel 2 x 0( ‘P,) + 0 (ID,) is denoted as (b). 
intersystem-crossing and internal-conversion pro- 
cesses possible. 
7. Possible atmospheric mplications of the excited 
O3 states 
The formation of ozone is generally described by 
photodissociation ofO2 followed by a recombination 
process 
O,+hv(ld242 nm)-t2XO(‘P,) , (11) 
O(‘P,)+OZ(X 3C,, v”)+M-+03+M. (12) 
Reaction ( 12) is a high-pressure process, which pro- 
duces ozone in its ground state X ‘A’ [ 63,641 and in 
some low-lying excited triplet electronic states 
[ 65,661. Likewise ozone decomposes into 0+02 
upon light absorption as listed in eqs. ( 1 )- ( 3 ) . Hence 
there is a subtle balance in the reactions between ox- 
ygen atoms, oxygen molecules and ozone, all of them 
in a variety of electronic states. Some aspects, based 
on the present ab initio calculations, can most con- 
veniently be discussed by considering the potential 
energy surfaces indicated schematically infigs. 16 and 
17. The first figure shows the behavior of the impor- 
tant singlet and triplet states of ozone, the second 
connects the pertinent ozone singlet states with the 
potential surfaces of the Oz molecule in its ground 
X 3Zg and the long-lived a ‘$ state. 
In the collision process eq. ( 12 ) involving ground 
state fragments possible triplet states are g3A’ and 
6 3An (fig. 16). The G ‘A’ is metastable or repulsive, 
the 6 3An is a state with various bound vibrational 
levels. Interaction with the X ‘A’ state is also possi- 
ble by energy transfer processes from 6 3An state to 
the O3 ground state leading to high vibrational ground 
state levels. This can be summarized by the following 
chain of reactions: 
o(~P,)+o,(x’~,)-+op(g, 6) , (13a) 
Op(&b)+M+n+O:(& v’)+M, (13b) 
04(6; v’)+M-+n’+03(X ‘Ai, ti)+M, (13c) 
where n and n’ define sequences for collisional 
relaxation. 
Production of oxygen atoms occurs either from 
photolysis of O2 or 03, whereby the ensuing frag- 
ments depend on the wavelength of the incident ra- 
diation. Fragmentation of oxygen takes place in the 
atmosphere in several regions. Particularly, in the 
Schumann Runge bands (SRB) at 175-200 nm pho- 
topredissociation processes are present, and in case 
of the Herzberg continua at 190-242 nm photodis- 
sociation processes exist making the Herzberg I con- 
tinuum (HCI) A 3C; c (X 3Z; ; v” = 0) the primary 
source of oxygen atoms [ 67-701. 
Based on the present interpretation of the ab initio 
results, it can be expected that for 1 G 200 nm a pos- 
sible competition occurs between production of odd 
atoms resulting from absorbing ozone and the previ- 
ously cited absorption bands of OZ. This is summa- 
rized by the following chain of reactions: 
03(X1A,)+hv-+03(ij’A1)+3~0(3P,), (14a) 
3[O(3P,)+Oz(X3~,,~“)+M-r03(X’A,)+M], 
(12’) 
Net: 302 + hv-i203 , (lab) 
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(15a) 
(12”) 
Net: 302 +hv+203. (15b) 
Photoexcitation of ozone into R ‘A’ can lead to three 
odd atoms which by participating in recombination 
processes with O2 produce ozone. 
8. Summary and conclusion 
The present work has employed large-scale ab ini- 
tio MRD-CI calculations to investigate the potential 
energy surfaces of the ozone molecule in its ground 
and eight low-lying excited states, in particular from 
the equilibrium O3 geometry to the O2 + 0 dissocia- 
tion limit. Spectroscopic parameters are determined 
for the various states and transition moments from 
the X ‘A’ ground state to the excited singlets are 
calculated. 
It is found that ozone has a number of singlet and 
triplet electronic states which are weakly bound 
(De Q 0.5 eV) towards O2 + 0 dissociation. Two states 
possess arelatively deep minimum: the X ‘A’ ground 
state with the dissociation limit O2 (X ‘ZZ; ) + 0 (3P,) 
and the B l A" state with the 0 ( ‘D,) + 02( a ‘4) dis- 
sociation limit. Most of the states which correlate with 
the lowest fragmentation limit are repulsive or pos- 
sess only local minima (fig. 18 ) , separated from the 
dissociation channel by a barrier (A, a, c states). The 
three quintet states are entirely repulsive [ 45 ] ; the 6 
state is bound with a minimum around y= 100” and 
the 2 state is probably weakly bound with a potential 
well in the area between y= 100” and y= 116”. The 
absence of fluorescence and phosphorescence pro- 
cesses confirms this general potential surface behav- 
ior. In the isovalent SO* molecule such processes have 
been observed at different photoexcitation energies 
[24,59]. The excited states E 3A” and D ‘A’ which 
correlate with the fragmentation channels 
02(a1A~)+0(3P,)and02(a1$)+O(‘Dg),respec- 
tively, are bound, but due to possible coupling with 
other states (figs. 4a, 16, 17) they will also show a 
metastable character. 
The simulation of the ozone absorption bands sug- 
gests that these can be interpreted in a general form 
as the ensemble of bands “Wulf-Chappuis” and 
“Huggins-Hartley” for which the bell-shaped con- 
tinua can be described as the transitions into the re- 
pulsive potential region of the A ‘A” and a ‘A’ PES, 
respectively (strong Franck-Condon overlap). The 
discrete structure for the Wulf and Chappuis absorp- 
tion bands can result from transitions to the A state 
(with relatively weak Franck-Condon factors) and 
to the B state, respectively. In case of the Huggins 
band the calculations uggest that two states partici- 
pate in the absorption; one describes the discrete 
structure with weak intensity (transition to c). The 
other state describes the structure up to the dissocia- 
tion limit (transition to D) in agreement with previ- 
ously proposed models for this band. 
Experimental investigation of the energy partition- 
ing in the photofragment distribution of O2 + 0 and 
the study of the vibrational-rotational spectra of the 
diatomic fragments produced after photolysis of O3 
at wavelengths between 320 and 295 nm would be of 
great help to confirm whether the formally spin-for- 
bidden dissociation pathways 03+ hv+03( B,) --) 
O(‘P,) +Oz(a ‘$), O(3P,)+02(b ‘C:) and 
0 ( ID,) + O2 (X 3Zp ) play indeed only a minor role 
in the photochemistry of ozone, as has been assumed 
so far. Interactions with various triplet species eem 
possible. At higher photoexcitation energies (2 d 295 
nm) both states, c and 6, are expected to dissociate, 
leading to the production of 3P, and ‘D, atoms, re- 
spectively. At 1 d 2 17 nm the R state can also partic- 
ipate in the production of ‘D, atoms by photodisso- 
ciation processes due to the relatively strong transition 
moment. 
Ozone absorption in the Hartley band (2 G 300 nm ) 
produces oxygen atoms 0 ( ‘P,) and 0 ( ID*) whereby 
the product yield (see eq. (3 ) ) is generally consid- 
ered to be independent of the photoexcitation en- 
ergy. An experimental investigation in the wave- 
length range 200-280 nm would be very important 
to confirm whether this constant yield is really true, 
in particular since various (autocatalytic) processes 
for ozone formation in this energy range are conceiv- 
able if not only the singlet but also the triplet frag- 
mentation channel is considered and if deactivation 
of O,( a ‘4) and 0( ID,) to produce 0( ‘P ) atoms 
is also taken into account. Details of the &: andb 
states and their interaction play a major role thereby. 
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In the C, Symmetry 1 
Er,,,_c, = E - 22.0 O.“. 
., = 1168’ 
R, = 2413 O.“. 
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7 R? 
XI = vorrnbl.2 RI 
I 
Fig, 18. Potential energy curves for the low-lying electronic states in ozone treated in this work which correlate with the fragmentation 
limitO(3P,)+O,(X’Z;)asafunctionofR,,wherebyR,=2.413a~andy=116.8”. 
The possible dissociation pathway leading to three 
0( ‘P,) atoms at energies I,< 200 nm (E& 6.24 eV) 
also deserves further investigation as a possible source 
for additional ozone formation. At the same time a 
further study of the O2 photolysis in the A = 170-220 
nm range would be advantageous as the competing 
process for furnishing oxygen atoms, in particular be- 
cause of the expected strong increase in the 0 ( 3Pg) 
and decrease of 0 ( ID,) yield in ozone with increas- 
ing incident photon energy. 
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